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ABSTRACT 
DESIGN AND MODELLING OF PASSIVE UHF RFID TAGS FOR ENERGY 
EFFICIENT LIQUID LEVEL DETECTION APPLICATIONS 
 
A study of various techniques in the design, modelling, optimisation and deployment 
of RFID reader and passive UHF RFID tags to achieve effective performance for 
liquid sensing applications 
 
KEYWORDS 
Radio Frequency Identification (RFID), Passive UHF RFID tags, RFID Reader, 
Energy efficient, Genetic Algorithms, Quadrifilar Helical Antenna (QHA), 
Antennas, Antenna Polarisation, Radiation pattern, Sensor Monitoring. 
 
Sewer and oil pipeline spillage issues have become major causes of pollution in urban 
and rural areas usually caused by blockages in the water storage and drainage system, 
and oil spillage of underground oil pipelines. An effective way of avoiding this problem 
will be by deploying some mechanism to monitor these installations at each point in 
time and reporting unusual liquid activity to the relevant authorities for prompt action to 
avoid a flooding or spillage occurrence. 
 
This research work presents a low cost energy efficient liquid level monitoring technique 
using Radio Frequency Identification Technology. Passive UHF RFID tags have been 
designed, modelled and optimized. A simple rectangular tag, the P-shaped tag and  S-
shaped tag with UHF band frequency of operation (850-950 MHz) has been designed 
and modelled. Detailed parametric analysis of the rectangular tag is made and the 
optimised design results analysed and presented in HFSS and Matlab. The optimised 
rectangular tag designs are then deployed as level sensors in a gully pot. Identical tags 
were deployed to detect 4 distinct levels in alternate positions and a few inches in 
seperation distance within the gully pot height (Low, Mid, High and Ultra high). The 
radiation characteristic of tag sensors in deployment  as modelled on HFSS is observed 
to show consistent performance with application requirements. 
 
An in-manhole chamber antenna for an underground communication system is analysed, 
designed, deployed and measured. The antenna covers dual-band impedance bandwidths 
(i.e. 824 to 960 MHz, and 1710 to 2170 MHz). The results show that the antenna 
prototype exhibits sufficient impedance bandwidth, suitable radiation characteristics, and 
adequate gains for the required underground wireless sensor applications.  
 
Finally, a Linearly Shifted Quadrifilar Helical Antenna (LSQHA) designed using 
Genetic Algorithm optimisation technique for adoption as an RFID reader antenna is 
proposed and investigated. The new antenna confirms coverage of the RFID bandwidth 
860-960 MHz with acceptable power gain of 13.1 dBi.  
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CHAPTER 1 
   INTRODUCTION 
1.1 BACKGROUND AND RESEARCH MOTIVATION 
 
The increasing demand for smart, energy efficient wireless communications 
technology in every field of endeavour has resulted in multifaceted research leading 
to dynamic advances in wireless communications systems and networks. Radio 
Frequency Identification (RFID) tags have been of particular interest in wireless 
communication technology because of their low cost, simplicity, and most 
importantly; their energy saving capabilities. RFID technology finds applications in 
such as: secure access control, distribution logistics, documents and parcel tracking, 
livestock or pet tracking , automotive systems [1] etc. They were initially used for 
identification purposes; however further researches into deployment techniques for 
various applications has revealed their versatility and importance particularly in the 
area of monitoring, indication and control of engineering installations in order to 
provide early warning signals. 
 
RFID tags are classified into three major types which are active, passive and semi-
active tags. Passive tags are made of a small patch antenna designed on a substrate 
using the etching process, these substrates come in various forms; these type of tags 
are not powered but rely on the power generated from the reader antenna to 
retransmit the unique identification information stored on the chip. An RFID 
transponder stores and transmits data to the reader in a seamless fashion using the 
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all-important radio waves. Active tags on the other hand are battery powered, they 
are most suited for longer range detection purposes, and, as a result, require more 
complex compositional connections as compared to passive tags. RFID serves as a 
perfect replacement for other similar identification systems, like barcodes and 
magnetic strip cards. The tags can be contactless and carry unique and a higher 
density of information over a longer range as compared to previously deployed 
identification systems.  
 
This research focuses on the design, modelling and efficient deployment of passive 
UHF (Ultra High Frequency) RFID tags for energy efficient liquid level detection 
applications. A RFID tag consists of a printed antenna on a substrate and a chip IC 
(Integrated Circuit) which is usually placed at the fixed feed input source of the tag. 
The information stored on this chip is relayed back into space when queried by the 
reader antenna. The frequency of operation of the tag antenna for the intended 
application needs to be specified from the onset of the design; this is very important 
because it dictates the size and geometry of the tag antenna for effective performance 
within the specified operating frequency. The geometry is then optimised for this 
frequency of operation to match the reader antenna frequency for maximum link 
coupling [2, 3]. Various devices for monitoring and control can be integrated within 
the RFID system. The unique information on the chip of a tag can be transmitted via 
a wireless interface to a database for referencing or to trigger a range of other control 
activities via a PLC (Programmable Logic Controller) [2, 3].  
 
The current design adopts and implements the passive tag approach because of its 
low cost, ease of deployment and energy saving capabilities compared to other 
3 
 
wireless sensors. This is why emphasis is laid on UHF passive tag sensors for liquid 
level detection applications in this research work. The challenges faced when tags 
are placed near metallic surfaces and liquids are a matter of serious concern, which 
have been considered for the tag sensors proposed in this research work. 
Environmental factors and the nature of material used for printing the tags, including 
the substrate, are factors which significantly affect the performance of the tags. The 
RFID reader must not be selective to certain dielectric mixtures, since tags based on 
various substrates with different electrical conducting properties will be designed.  
 
The detection range of the tags is, to a large extent, influenced by the power intensity 
received from the reader antenna. A successful and balanced passive antenna tag 
design should not only focus on size, memory capacity and high data read/write rate 
capabilities but also consider the signal security and integrity issue [4].  The chip on 
the tag stores the unique identification numbers which have been coded into it and 
represent a particular product or item; in this research work, liquid level 
identification information has been coded into the chips mounted on the designed tag 
antenna. This information carried by the tag can be static or dynamic; data can be 
read/write enabled running into a few kilobytes with constant response to changes in 
the environment in which they are deployed to sense, for example, liquid level, 
pressure, temperature profiles. 
 
RFID tags have various data writing and storage capacities based on the type of chip 
IC mounted at the input source of the tag antenna. Some are read-only and others are 
read-write enabled. The read-only types of chip IC are not rewritable, and only store 
a unique ID, while the read-write enabled chip ICs are reprogrammable and can have 
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other important capabilities like password coding, kill, lock and unlock coding 
features. The software which also keeps records on a database can be deployed for 
monitoring purposes. This software can be run on a mobile device or laptop with 
distant wireless communication capabilities via a terrestrial network, making the 
entire system set up automated [5, 6]. The tag is printed with a thin conducting 
material on a substrate of a specified thickness [7, 8]. Most tag designs come with 
the basic features of read/write range, orientation sensitivity and a range of other 
important features such as the amount and size of information carriage capability, 
number of reads achieved per second and the geometrical dimensions of the antenna.  
 
The fundamental physical constraint is addressed by an appropriate antenna selection 
and construction which is one of the focus areas of this thesis. A simple selection of 
tags, readers and a database or application interface makes up a complete RFID 
system. A tag attached to a product passing through a region of electromagnetic field 
typically generated by the reader antenna simply responds by identifying itself and 
passing other range of information both numeric and pictorial as pre-programmed by 
the application requirement. The passive tag approach in a wireless sensor network 
environment is an emerging perspective to the deployment of RFID tags for various 
applications; this has become the dominant contactless identification method 
deployed for next generation networks [9].  
 
The common challenge with designing chipped tags operating in the UHF band is 
the impedance matching, which affects the radiation characteristics of the antenna if 
not properly matched. The tag sensitivity and detection range also become very 
important issues to consider which often make the antenna design complex [10].      
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For every antenna design, certain geometry properties must be sacrificed for the 
other in order to obtain an optimum design performance. The tag size must be 
commensurate with the frequency of operation; the omnidirectional property of the 
antenna also plays an important role in avoiding polarization mismatch between the 
tag and the reader. Polarisation and gain of the antenna are the two most important 
factors that affect the signal coupling of any antenna [11]. The tuning or optimisation 
procedure for effective matching of an antenna varies for different antenna types. 
The antenna’s performance is usually degraded when placed on metallic objects or 
near water; the return loss of the antenna is degraded by nearby objects of different 
electrical conducting properties, especially when the antenna radiates Omni- 
directionally. The effect is also observed on the antenna resonance frequency 
particularly when the nearby object is a dielectric. Antennas with high directivity do 
not suffer from this problem, so an inventive way of overcoming this problem, is by 
designing an antenna with improved directivity [11, 12]. Signal attenuation by the 
environment and objects in proximity of the tag antenna must also be taken into 
consideration when assessing the operational efficiency of the design.  
 
Computational numerical methods are employed to analyse and evaluate some of 
these antenna problems. These numerical methods are embedded in optimisation 
algorithms which are a part of the major simulation packages (HFSS, CST, GA and 
MATLAB). Some of these techniques are: Method of Moments (MoM), Finite 
Element Method (FEM), and Finite-Difference-Time-Domain (FDTD) [13]. 
Differential equations are adopted to obtain fast convergence of results in the FDTD 
technique. These equations are invoked into discrete time and space counterparts in 
order to evaluate and fully analyse a model. This approach usually forms an initial 
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stage of executing a reasonable geometry for numerical evaluation and modelling on 
computers [14, 15]. 
 
In MoM, integral equations appropriate for analysing electromagnetic radiation 
characteristics of transmitting models are created. MoM is usually applied in a 
homogenous setting, where a set of arranged metallic bodies forming a specific 
geometry have been embedded. A combination of FDTD and MoM can be explored 
to form a hybrid numerical method to analyse various antenna problems. [16-17].  
 
In this work, the High Frequency Structure Simulator (HFSS) software was used to 
design and model the various tag geometries and the deployment scenarios. The 
design realisations were fully modelled with a comprehensive parametric analysis for 
the rectangular tag presented. Their physical deployment into a wireless network and 
their responses in terms of signal coupling were also analysed and effectively 
simulated. The sensor tags realised in this thesis were deployed for use as liquid 
level sensors. Details of the practical work and measurements are also explored.  
 
1.2 RESEARCH MOTIVATION 
 
The ever increasing demand for reliable and more efficient automated processing 
systems, the need for more efficient and effective process monitoring and control 
techniques, and an increasingly tough and unforgiving government and private 
regulator schemes have made it imperative for process engineers to seek for more 
robust, accurate and dependable level measurement techniques. Energy efficiency 
and increased precision in liquid level measurement have led to a tremendous 
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reduction in complicated chemical-process monitoring and control. This has resulted 
to improved product quality, cost savings, and avoidance of wastage in the process, 
which directly implies increased profit and lower cost of production across these 
industries [18]. 
 
In the oil and gas industry, particularly in the author’s country of Nigeria, there has 
been much vandalism of oil pipelines resulting in massive spillage and wastage of 
crude oil with resulting damage to the ecosystem and the means of livelihood for the 
local settlements whose major occupations are farming and fishing. 
 
 Nigeria has lost about $14B within the last ten years as a result of spillage of crude 
oil due to pipeline rupture. Within this period, a total of 16,083 pipeline leakages 
were recorded; 398 of these incidences were due to rupture while 15,685 breaks were 
due to vandalism [19]. The country loses about 800,000 barrels of crude oil daily as 
a result of pipeline rupture and criminal vandalism, which accounts for 97% of these 
occurrences, leading to over $55.23B in product losses and repairs of pipelines 
within the last ten years. The damage done to the ecosystem, the impact on the socio- 
economic life of the local community and the cost of cleaning up the environment is 
unquantifiable. This has had a boomerang effect on the economy of the nation as the 
country has been brought into crisis as a result of these wastages, which have been 
worsened with the activities of the vandals. Several attempts have been made to 
combat this problem, but these have not yielded a lasting solution. Military force has 
been deployed to guard the areas of concern against vandalism, but extensive 
sabotage has made this ineffective. Drones have been proposed for deployment to 
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monitor pipelines, but these have been estimated to be very expensive and not the 
best solution as they can be shot down by vandals. 
 
It therefore becomes imperative to develop appropriate measures to mitigate this 
problem. This challenge has motivated the present search for an energy efficient, 
reliable and cost effective monitoring system for liquid level detection in order to 
escalate unusual fluid level for an early response to curtail wastage attributed to 
pipeline spillage issues. Newer level measurement technologies have helped in 
fulfilling laid down specifications for the performance metrics of operations with an 
increased capacity for electronically reporting control processes. 
 
This thesis demonstrates the deployment of passive UHF RFID tags, and reader 
including novel in-manhole antenna design for energy efficient liquid level detection 
applications. 
 
1.3 AIMS AND OBJECTIVES 
 
Emphasis is laid on the design and development of passive UHF RFID tags to 
achieve novel geometries with improved radiation characteristics backed by 
theoretical and physical measurements. The theoretical simulation results are 
compared with the physical measurements to confirm the performance results 
obtained. The RFID reader frequency of operation, lies in the UHF band between 
865-868MHz. The design frequency for the tags in this research has therefore been 
centred on this frequency band which is the standard frequency range for RFID 
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European UHF band 865-868 MHz. The Alien RFID reader used for physical 
detection of the printed tags in this work operates in this frequency band. 
This research presents the design and modelling of various tag geometries and reader 
antenna for deployment as liquid level sensors. This involves the design and 
development of passive tags and reader antennas, printed on different substrates with 
various dielectric properties. The sensor tag is simulated in HFSS and the 
performance of the entire sensor and reader set up is characterised with different 
environments and with various angle and height positioning of the RFID reader. 
 
The main aims of this research study is as enumerated below: 
 
 To design, model and deploy passive UHF RFID tags for energy efficient 
liquid level sensing applications. 
 To demonstrate that liquid level information can be effectively and efficiently 
communicated using novel characterisation and deployment of RFID 
technology. 
 
The Objectives of this research work are as stated below: 
 
 Using HFSS to design and model simple passive tag geometries and analyzing 
their radiation characteristics (gain, reflection coefficient, Read/Write range, 
and orientation sensitivity). 
 Performing a detailed optimisation and parametric analysis on the realized tag. 
  Improving on the radiation performance of the tag especially when placed on 
surfaces with different electrical conducting properties. 
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 Characterising the realised tags as liquid level sensors on HFSS and observing 
their radiation behavior when changes are introduced to their sensing 
environment. 
 Programming the chip IC and subjecting the designed tag to practical 
measurements and comparing these results to the theoretical results obtained. 
 Design and modeling of a novel RFID reader antenna using Genetic 
Algorithm. 
 Proposing and investigating new antenna sensor design concepts for ground 
level operation in manhole communications, these being modelled, 
implemented and measured to operate over the GSM frequency spectrum.  
 
1.4  RESEARCH CONTRIBUTION 
 
The major areas of this research contribution is as enumerated below:  
 Comparative analysis of  previous approaches to liquid level monitoring in 
terms of their simplicity, energy efficiency and cost implication is presented 
 Novell characterisation of passive UHF RFID tags as liquid level sensors is 
achieved and explored for energy efficient gully pot monitoring and 
automatic liquid level indication and control.  
 HFSS has been used to design, simulate, and model the behaviour of 
achieved tag designs when deployed for liquid sensing applications. 
 Passive UHF tags with two different types of substrates has been achieved for 
mounting on multiple surfaces with different electrical conducting properties. 
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 This work clearly demonstrates that liquid level information can be 
communicated wirelessly in real time using simpler, energy efficient and cost 
effective solution.  
 A novel Linearly Shifted Quadrifilar Helix Antenna (LSQHA) has been 
achieved using Genetic Algorithm (GA)  
 A novel dual band In-manhole chamber antenna has been designed and 
deployed as a reader antenna.  
 
A study of the radiation characteristics of tags when mounted on different materials 
is taken into account with the aim of maximizing the link coupling of the system. 
Tag geometries with optimum geometrical dimensions have been extensively 
explored in order to achieve a longer detection range within the acceptable frequency 
range. A full parametric analysis of a rectangular tag and the optimised design is 
presented, the S-shaped and the mirrored P-shaped tag designs also presented. The 
rectangular tag design is then deployed for use as liquid level sensors for gully pot 
monitoring. The simulation on HFSS combines the effects of the surface on which 
these tags are mounted, and the separation gaps between the tags (level sensors) to 
analyse the overall performance and efficiency of the tags as liquid level sensors. 
 
This thesis is particularly focused on the improvement of  the size, quality, 
polarisation, detection range, and deployment of passive RFID tags for liquid level 
monitoring. It takes into consideration the adopted methods of establishing statistical 
measurements on tag reader positioning at different angles and distances in space 
and time. The maximum detection range of prototype tags mounted on different 
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material is also considered for evaluation purpose. The reader antenna realised shows 
good performance in terms of directivity and read range.  
 
RFID deployment for use as liquid level sensors is a novel application area where 
considerable success has been achieved. Various tag geometries are designed and 
deployed; their perfomances have been analysed and tested. The factors affecting the 
performance of passive UHF tags is taken into consideration for improvement of the 
design realisations presented. Passive UHF RFID tags are modelled, simulated, 
optimised and printed on different substrates with various electrical conducting 
properties. 
 
1.5  ORGANISATION OF THE REPORT 
The rest of this thesis is structured as enumerated below: 
 
Chapter 2: Presents an extensive literature review of RFID technology and 
applications; it then presents an analysis of the various RFID based fluid monitoring 
and measurement techniques and challenges faced. RFID system history, feature 
variations and tag types, operating frequency of the selected design and the 
environmental effects on the signals of tag antenna, chip types and their associated 
memory size differences have been fully discussed and presented. A background of 
dual band antennas is discussed with a critical analysis of previous antenna designs 
using GA is presented. 
Chapter 3: Showcases an energy efficient gully pot monitoring system using 
passive RFID tags. The design of the adopted s-shaped and meander tag is presented 
with practical deployment results analysed. 
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Chapter 4: Presents the design and analysis of a passive tag to be deployed as a 
liquid sensor. The tag is modelled and the prototype is printed on different 
substrates, one with metallic ground and the other without the ground plane. The tag 
design is modelled and simulated in HFSS. A parametric analysis of the tag is 
extensively explored to obtain the optimised design presented. The deployment of 
the designed tag for liquid level monitoring application is presented. This is 
modelled and simulated on HFSS with practical and simulation results presented. 
The tags were mounted within a gully pot with same tag used as the reader antenna 
and the reflections observed in order to extend the modelling perspective further to 
see what effects this will have on the overall performance of the system set up. HFSS 
platform was used to simulate the tag antenna’s performance in an operating 
environment. The characterisation of a P-mirrored shaped tag for automatic liquid 
level indication and control is presented.  
Chapter 5: The design and modelling of an in-manhole chamber antenna for 
underground communication systems is presented with detailed practical 
measurements. A detailed analysis of the U-shaped antenna is presented operating 
over the GSM frequency spectrum.  
Chapter 6: Discusses the reader antenna design using Genetic Algorithm. A review 
of previous approaches to the antenna design problem using GA is fully discussed 
and analysed. The spiral and helical antenna with their associated advantages, 
differences and suitability for adoption as reader antenna for the proposed design is 
fully discussed. Presents the LSQHA design using GA. The optimisation results are 
presented and discussed. 
Chapter 7: Presents the conclusion and recommendations for future work.  
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CHAPTER 2 
LITERATURE REVIEW 
2.1 HISTORY AND REVIEW OF RFID SYSTEMS 
 
Radio Frequency Identification (RFID) is a means of identifying a unique object or 
person using radio frequency transmission. RFID technology is expected to become 
a core technology of ubiquitous infrastructure as it identifies objects and users, and 
automatically takes advantage of contextual information. RFID technology has 
gained popularity in commercial and industrial processes and systems. This has 
resulted in multiple rapid deployment of this technology as part of an overall 
wireless network for monitoring and control of simple or complex systems. 
Recent trends in applications have also seen tremendous deployment of the 
technology in homecare, and healthcare systems; other interesting application areas 
are in high- security and high- integrity settings such as national defence. RFID in 
logistics or commercial applications is an empowering technology as it simplifies 
application and service processes. For instance, a customer’s details can be extracted 
from a tag attached to products purchased by the customer and inputted into a 
database as a part of a network of information set.  
 
The tags unique identification, reader identification, the product code or symbol and 
other associated information form a string of data set transmitted to a database for 
monitoring and in some cases, control purposes [20]. This obviously brings 
increasing efficiency to supply chain management operations and introduces a higher 
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level of security by improved asset visibility and remote independent monitoring. 
Some of these applications are also deployed in military operations and medical 
sciences for increased security, asset tracking and management [21]. The versatile 
nature of technology in the wireless communication world has not allowed for total 
dominance of RFID systems in wireless networks. However, RFID deployment to 
existing networks has increasingly gained popularity, especially among the major 
players in the industry. Real-time asset tracking and identification has been made 
more effective with the deployment of RFID technology in these industries [22]. 
This has led to a continuous research demand into the application areas of this 
technology, especially in a bid to conserve space and energy and improve overall 
efficiency and effectiveness of operations of major manufacturing supply chain 
management systems.  
 
The concept of radio frequency engineering is related to the electromagnetic theory 
of waves by James C. Maxwell in 1864. His discovery of ether, made transmission 
of light, heat and radio waves possible; this paved the way to numerous innovations 
in the electronic communications world. Heinrich Hertz, who discovered radio 
waves, made his findings based on Maxwell’s extension of the electromagnetic 
theory of light which has opened doors of advancement particularly in this area of 
science and technology [23]. The previous laws that existed before Maxwell did not 
effectively predict waves as they were only laws of electrostatic, which only 
correctly described the near field; these were Ampère’s law of magnetostatics, 
Faradays law of induction, and Gauss flux theorem. The near field can be 
illustratively described as, the electrostatic field of an electric charge and the 
magnetostatics field of a current loop. The impacts of the interplay between electric 
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charges and magnetic fields in close proximity to a source is described by these laws; 
however, the impacts of these forces in the far field region is not addressed. The laws 
described that a conductor fed with alternating current produces a magnetic field 
where the E – and – h fields co-exist with varying magnitude and are relatively static 
with no propagation. 
 
Maxwell showed that the electric and magnetic fields at a certain distance beyond 
the quasi-static near field separate themselves from the conducting surface and 
propagate as a combined wave into space at the speed of light. This significant 
transformation happens at a point called the far-field. The interaction between the 
electric and magnetic fields in their inter-woven nature is expressed in Maxwell’s 
mathematical equations; he derived the speed of light from his computations and 
concluded that the phenomenon of light is an electromagnetic phenomenon. The 
complete set of the electrodynamics laws were corrected and assembled by Maxwell 
for the first time. The laws, which clearly established the relationship between the 
electric field quantities and the magnetic field quantities, was published in his text in 
1873 [4]. Maxwell’s equations provide the basis for the modern electromagnetism 
theory.  
 
The first major deployment of RFID was during the Second World War for the 
friend or foe identification system. Transponders were mounted on planes which 
revealed their unique identity when queried. This helped air and land fighters to 
distinguish between enemy and friendly artillery. In the 1960’s, RFID applications 
relating to the electromagnetic theory were developed and this led to a 
commercialisation of the technology, one of such gave rise to the development of the 
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Electronic Article Surveillance (EAS) application. These systems were largely 
dedicated for short range communication in retail stores to complement other anti-
theft systems in place such as the Closed Circuit Television (CCTV). Auto-ID RFID 
technology is a massive improvement over the Automated Identification and Data 
Capture (AIDC) barcode standards for products identification. The AIDC barcode 
used in line with the Universal Product Code (UPC) has been largely deployed in 
retail consumer shops basically for item identification and tracking, for inventory 
and retail chain management [24]. 
 
RFID systems and tags have gained increased popularity and have now been widely 
deployed for non-contact item identification and tracking which is a major step 
ahead of the predominant methods of item identification. In the 1970s, many 
educational and corporate organisations embraced the RFID technology and more 
attention was given to the practical aspects of this technology by various company 
and government laboratories. This then culminated in the mass deployment of the 
technology for multiple application in the 1980s. 
 
The evolution of RFID technology can be attributed to WWII where the early 
foundation for this identification technique was laid. The activities of the Auto 
Identification and Media labs at MIT served as a major centre for innovation and a 
meeting point for key players in the technology development industry. This paved a 
way for massive improvement in the major application areas of this technology. 
There were also simultaneous developments in USA involving projects executed 
through DARPA, [24, 25]. During the Severe Acute Respiratory Syndrome (SARS), 
which broke out in Singapore in 2003, RFID was deployed to track and monitor the 
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syndrome outbreak among in house patients at the Alexandra Hospital (Singapore). 
The unique ID on the tags formed a statistical network of data used as a reference 
point, or as a sort of an infection map on a network to predict rate of occurrences and 
study the pattern of the syndrome outbreak in order to effectively curtail and combat 
the outbreak [24, 25]. RFID tags has been deployed and implanted on bank notes to 
track note circulation and also to track criminal activities; this was adopted an 
enforcement application by  the European Central Bank in 2005 [26]. Early adoption 
and deployment of the RFID technique in retail chain management is found in both 
trade and academic journal publications [24, 26].  
 
The increased interest in RFID as a tracking and identification technology has 
triggered other wide range of applications for which they are now deployed. Some of 
these applications are: pet and animal tracking, industrial process automation, 
inventory and access control, automatic parking, moisture and crack detection, liquid 
level indication, monitoring and control [26]. This has led to associated advances in 
micro-electronics, embedded systems software, and nanotechnology. Bar codes, and 
magnetic stripes cards have been used for a long period of time for identification of 
products majorly in the retail sector; this technology could only identify a product 
one at a time as they pass through a region for onward processing.  
 
The deployment of these smart tags has seen increased efficiency in retail chain 
management as identification and tracking has been made faster and much easier 
with capabilities of identifying multiple products at once as they pass through each 
stage of the retail process. An RFID system is made up of the RFID tag, reader, 
RFID software, and a database. The reader scans the tags simultaneously and 
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transmits the information to a database where it is stored for referencing. Figure 2.1 
gives an illustration of the various types of auto-ID systems of which RFID has 
become most popular and dominant. The other forms of auto identification system 
are mostly contact based and employ line of sight mode for identification and 
consequently, can only track or identify one tagged item at a time. A RFID system 
on the other hand does not require line of sight communications, and can identify 
and, at the same time, track multiple tagged items wirelessly. 
 
Figure 2.1: Types of Auto-ID systems 
 
The recognition of objects is made possible with the use of radio waves in RFID 
systems [24], as opposed to barcode systems which use line-of-sight technology. 
This makes the barcode systems contact and close proximity hungry because of the 
nature of the signals which must be physically aligned with the code for efficient and 
successful reading. The barcodes are easily degraded by minor damages or blockage 
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to line-of-sight signals and cannot easily be updated [27]. They often require manual 
handling and this makes them susceptible to human error and lack independent 
operation which also makes their use in automation less suitable. The RFID system, 
on the other hand, can cope with different environmental variants without causing a 
major disruption to the application for which they have been deployed. They use 
radio waves for communication, and do not need the line-of-sight rays as deployed in 
barcodes.  
 
This gives RFID systems increased effectiveness in multiple tracking, although with 
some associated problems in regards to tag jamming, but in general are more 
compact, robust, rugged, and more efficient means for identification. They are cheap 
to develop and maintain; their portability also makes then suitable for deployment to 
existing networks with space constraints [24, 27]. Some of the benefits of RFID 
systems and general applications over other identification systems are as enumerated 
below: 
 
 Omni directional radiation pattern for easy and fast detection. 
 They are cheap and easy to manufacture and do not require a complicated 
manufacture process. 
 They carry a chip where the unique identification is stored for referencing. 
 They are easily read with reading rates up to 1000 tags/sec. 
 The chip on the tags can be read/write enabled. 
 The detection range is better than those of other identification systems. 
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In spite of the numerous benefits of RFID systems, which actually outweigh its 
limitations, it is important to look into and analyse these limitations, as some of these 
limitations are challenges for consideration during this research work. Some of these 
are as outlined below:  
 
 Tags have no adequate security and can be read easily by any reader. 
 Degradation in tags radiation characteristics when mounted on surfaces with 
different electrical properties. 
 RFID reader and associated middleware are expensive. 
 Tag jamming when multiple tags are in close proximity.  
 
RFID standards often specify tag-reader communication protocols. The item 
information obtained can then be made available to higher level applications for 
monitoring and control, or other purposes. Some of the advantages of deploying 
RFID technology particularly for liquid detection applications are:  
 
 Real time autonomous identification and tracking, 
 Passive RFID is cheaper to buy, install and maintain 
 Low power consumption making them a better energy efficient and cost 
effective solution.  
 Non-pollutant, better durability compared to other liquid sensors. 
 Simple and easy to deploy to existing infrastructure. 
 Wireless communication capability with on-board rewritable chip memory for 
unique coding and identification. 
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 It easily fit into any existing wireless network accessing information any day, 
at any time, and relaying this back to a remote installation for monitoring and 
control proposes. 
This research brings a new perspective to the application of the RFID tags in liquid 
level sensing, indication and control applications. The advantages of the passive tag 
is fully explored to justify its preference for the work presented in this thesis. They 
are energy efficient, durable, light in weight and size, cost effective, user friendly, 
readily deployable to existing systems, and simple in design and complexity. 
 
RFID technology poses privacy and security concerns because tags can be read 
contactless and without evidence. A tag uniquely identifies the object’s product 
description, unique identity, manufacturer and any other information the 
manufacturer intends to input especially for programmable tags. RFID system is 
prone to multiple types of attacks because of the system’s components open nature 
and high mobility. 
 
Survivability of passive tags is a strong characteristic, which makes the passive tags 
very useful to deploy especially for energy efficient systems. Survivability is a 
system’s ability to withstand malicious external attack without having a detrimental 
effect on the systems operational efficiency even when a part of the system has been 
damaged. This as a system property relates the amount of service provided to the 
overall level of damage done to the system, and the impacts of the operating 
environment; the timeliness in processing results irrespective of harmful attacks with 
the risk of system failure; and the ability of the system to offer non optimum but 
accepted services to various subscribers even when the component parts has been 
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damaged. This clearly shows the recovery capabilities of the system with improved 
environmental factors. The major challenge for survivability in RFID systems is the 
constrained memory resources that can be dedicated to security functions for the tag 
and the power requirements of the security algorithms [2]. With the increasing 
application of RFID technology in various fields, the requirement for a more reliable 
and resilient system for RFID applications has been on the constant increase.  
 
A tag can be designed to transmit and receive signals at different frequency bands 
like Low Frequency band (LF, e.g., 124-135 KHz), High Frequency (HF, e.g., 13.5 
MHz), Ultrahigh Frequency band (UHF, e.g., 860-960 MHz), and the microwave 
bands. Several antenna design realisation are classified into two main types based on 
the nature of their polarization. 
 
 Omni-directional Antennas: These type of antenna radiate equally in all 
directions and are often of low input impedance (50-80) Ω. Some typical 
examples are the monopole or dipole antennas, other omnidirectional 
antennas comes with high input impedance (100-300) Ω, typically in closed 
loop, and (10-200) Ω for the open loop counterpart geometries (folded 
dipole). This type of antenna is generally characterised with low gains [28]. 
 
 Directional or beam antennas: These are antennas with high directivity which 
are most suited for long range communications; the power radiated is greater 
in one particular direction. They have increased efficiency in performance in 
both transmit and receive operations with minimal interference from external 
or environmental sources. The Yagi-uda is a typical example of this. 
However, same performance is now being achieved with patch antennas 
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adopted for RFID systems. The printed board antenna with impedances of 
(50-100) Ω and the micro-strip counterpart (30-100) Ω are increasingly being 
deployed for RFID antenna systems. 
 
Generally, most tag designs aim for the omni-directional radiation property for the 
tag antenna; this is in order to make the tag less orientation sensitive. The reader 
design is made to be highly directive in order to achieve greater read/write ranges for 
the entire system. Fixed frequencies are usually assigned to RFID application to 
mitigate the impacts of signal attenuation by external factors. The amount of data a 
tag’s signal is able to carry increases with operating frequency. RFID systems that 
are designed to operate at longer range typically use UHF and microwave 
frequencies. Data is obtained from a tag when a reader in proximity queries the tag. 
The reader forwards the data to the backend database, which stores authentic tag data 
and links this with the record collected by the reader. The reader, after being 
authorised, can access in-depth data on specific products on which the tags are 
mounted to identify.  
 
2.2 RFID SYSTEM OVERVIEW 
 
An RFID system is made up of very important component parts each of which plays 
a vital role for the successful operation of the overall system. Each of the component 
parts work simultaneously, seamlessly relaying information from the tags to the 
reader and to the middle ware where these information is decoded and displayed in 
readable format on a display screen. These component parts of the RFID system are 
discussed in this section. 
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 Tag or transceiver: This is the antenna that carries the unique identification 
information on a chip. It is made up of a conducting layer of antenna geometry 
formed by the etching process; this thin sheet of conducting layer carries a chip 
usually at the source of the antenna. This antenna is printed on a substrate of a 
certain permittivity. The battery (for active tags) forms a part of the complete 
tag package. This entire unit is called the RFID tag, and it performs a central 
operation in the RFID system. 
 
 RFID Reader: This is also referred to as the interrogator. It queries the tags 
for their unique information and passes this information via a middle ware to a 
database for referencing. Usually typical readers are directly connected to a 
computer that has the middle ware installed. Latest improvements in RFID 
reader technology has seen the evolution of readers from fixed to mobile and 
wireless readers for remote and wireless transmission of information read from 
tags.  
 
 RFID Middleware: this is a software based code that controls and interprets 
the series of actions between the tag, reader and computer application database. 
It forms a link for decoding and encoding information transfer between each of 
the entities. It also performs encryption and decryption functions where this is 
an additional functionality to improve security of the RFID system. 
 
 Application software: The application is the final destination of data fetched 
from the tags. System application could be for monitoring purposes only, while 
26 
 
for some others it could be for monitoring and control where the data obtained 
from tags in the network are used to trigger other control processes.  
 
The deployment of RFID technology has brought more efficiency, which translates 
into direct profit for companies, industries, retail outlets and the government. For the 
military, naval and air forces, it brings additional security and ease of operations. For 
the healthcare and pharmaceutical industry, it creates a better life and health service 
standard which has a direct impact on the life expectancy of the citizenry and the 
quality of service offered by health professionals. The advancement of this 
technology touches virtually every sphere of life.  
 
Figure 2.2 presents a block diagram of an RFID system with the connection 
sequence between each of the component parts. Each of the communication steps 
depicted here plays a very sensitive role to the overall functionality of the entire set 
up.  
Figure 2.2: RFID system set up 
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2.3 RFID TAG 
 
 
The tag is the basic component of an RFID system as it is the central component 
when information required to trigger other range of activities is sourced. There are 
different types of tags based on specification requirement of the application for 
which they are intended [29]. Some of these requirements are as enumerated below: 
 
 Selected frequency of operation or bandwidth 
 Size and geometry requirements 
 Composition of the substrate material 
 Production cost  
 Gain  
 Read/write range 
 Polarization/orientation 
 Casing or seal type etc. 
 
The programmability and adaptability of a RFID tag make it very versatile and easily 
deployable as part of an existing sensor network; its quick response times in very 
unfavourable conditions  makes it rugged and best suited for most applications [29]. 
The Electronic Product Code (EPC) global standards is used for RFID hardware and 
software coding as the standard numbering code for the unique chip ID. A unique ID 
is assigned for each tag; if this ID is rewritten it is done following the EPC standard 
[30]. The stored information ranges from a short ID code to a few bytes or kilobytes 
of data [31, 32]. The information stored in a unique ID number using EPC global 
standard are broken into different segments each of which represents a data set. This 
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is made up of the object class and serial bits, the EPC manager number, and the 
header. Each of these elements represents unique information about the tag, as 
follows: 
 
 The header: holds information on the data string length, the type, structure 
and EPC generation. 
 The Electronic Product Code manager number: updates and keeps records 
of each successive partition. 
 The object class: represents a class of protocols as defined by the EPC Global. 
 The Serial number: simply represents an identification of instances which is 
usually encoded in the tag in bits. Data retrieved from the chip on the tag 
antenna can be sent in wired or wireless form to a database that does the 
computer crunching calculations in split seconds and trigger other event and 
time driven control systems dependent on the tag data supplied. 
 
Electronic Programmable Read Only Memory (EEPROM) is majorly used in active 
tags whilst passive tags store their unique ID using Static Random Access Memory 
(SRAM). The memory in EEPROM is not volatile; it also does not support online 
changes as compared to the SRAM where memory is volatile, supports online 
changes to the controller and produces a physical fingerprint on power up.  The 
requirements for memory of a tag are affected by reader-tag transmission range and 
medium which is usually specified as a standard air interface in the ISO-8000 
standard [33, 34]. Under the ISO 8000-6B standard, most readers readily operate in 
the read/write mode with the class 0 and 1 tags respectively. EPC classes are 
generally known as the GEN1 and GEN2 respectively. The frequency of operation 
29 
 
and the communication medium plays a major role in the success of transmission 
and reception of data between the tag reader and database. Every country has a 
frequency slot for each device application as assigned by the ITU standards.  
 
The frequency range of 865-868 MHz is specified for UHF RFID operations in 
European countries. This research work takes this frequency allotment into 
consideration and aims to design tags that work efficiently within this range of 
frequency. The maximum distance between the tag and reader for effective 
transmission and reception of tag data is known as the detection range. This range is 
affected by a couple of  factors such as the system frequency of operation, the gain 
and polarization of both reader and tag antenna and the nature and position of 
excitation, the coding technique for modulation and demodulation, the bits number 
and algorithm for detection, and then the nature of the propagating environment [35]. 
 
The physical measurement which is a reflection of the quality test suffers from some 
usual constraints such as the tag size and the ability of the reader antenna to 
withstand readings from multiple tags and the transmission environment [36]. Figure 
2.3 shows a range of environmental factors which impairs the reader-tag operation. 
The quality of signals received from the tags in deployment depends on a couple of 
factors which have been identified earlier. However, the environment to which the 
tags are deployed affects the radiation properties of the tag. The tag jamming and 
related issues such as anti-collision techniques in populated RFID networks has been 
investigated and studied by Nikolas [37]. Tags mounted on metallic objects for 
example, have a major part of their signals reflected and degraded causing major 
difficulties for the reader to pick up the backscattered information from the chip IC 
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of the tag. Closeness or contact with any form of liquid affects the tag performance. 
These factors are taken into consideration and exploited to serve as the basis for tag 
sensor design and development presented in this thesis.  
 
 
 
Figure 2.3: Factors affecting RFID tags in propagation environment 
 
The RFID tag performs a central role in an RFID system and classified into three 
main types, these are: 
 
 Active tags 
 Passive tags and, 
 Semi-active 
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Active tags employ a battery as a power source which forms an integral part of the 
tag making the tag a little bit chunkier in size compared to their passive counterparts. 
Passive tags do not use any on-board source to power the chip. They get their chip 
activated by the radio waves received when they come in proximity of a reader. This 
makes passive tags more energy efficient and portable in size. However, the active 
tags achieve longer read/write range compared to the passive tags. The semi active 
tags combine the features of the active and passive tags to transmit information and 
require more complex techniques to design. 
 
2.4 PASSIVE RFID TAGS 
 
Passive tags, out of all the tag types, are more power efficient as they do not require 
any on-board power for their operation. They are instead powered inductively by the 
power received from the reader antenna; they respond to this signal by 
backscattering the unique information held in their chip. These passive tags become 
most useful in terms of energy efficiency in scenarios where battery replacement for 
sensors will be almost an impossible or very expensive task to accomplish.  
 
The indoor reflection and absorption of propagated signal along with the other forms 
of indoor and outdoor signal attenuation must be taken into consideration for 
compensation in the design of any RFID tag antenna, as its performance is adversely 
affected by these phenomena [37, 38]. For reasonable detection of tags, the reader 
distance should not be too far from the tags. The design range specifications should 
be adhered to in physical implementation terms. In a situation where the tags respond 
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simultaneously to a reader query, it leads to collisions which invalidate the data read 
and working efficiency of the whole system set up [39].  
 
RFID applications, particularly those of the UHF band, have gained increased 
popularity due to flexibly in deployment to a wide range of applications. The RFID 
reader plays a central role in a wireless network system of tags and readers. It is 
designed to be compact, user friendly and versatile to various applications where 
tags within the designed frequency of operation are deployed. A reader usually 
comes with a transceiver which makes it transmit and/or a receive signal.  
 
Propagation models in HFSS can be set up to observe signal reflections within an 
indoor or outdoor environment in order to adapt design properties of the tag and 
reader antenna to cope with real life environmental propagation factors earlier 
highlighted. Readers placed within a close range also suffer interruptions in signal 
and, hence, the separation distance between the reader antennas needs to be specified 
in real terms to avoid mutual coupling, which degrades their radiation characteristics 
consequently impairing performance of both readers and tags [24, 40]. Absorbers, 
whose shape and material must be carefully considered, may be used to reduce 
interference effects [41, 42]. 
 
The two major central processes fundamental to the success of an RFID network is 
the reader power for tag activation and the sensitivity of chip-tag in reacting to 
activation by effectively backscattering its unique data held in the chip or memory 
whether they are read only, read and write enabled, or Write-Once-Read-Many 
(WORM) [43].  
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The power requirements of a passive tag differ from an active tag. Figure 2.4 shows 
the difference in power transfer mechanism between passive and active tags. The 
passive tags are powered extrinsically while the active tags use an on-board battery. 
Passive RFID tags do not have a dedicated source of on-board power as a compact 
part of the tags; they depend largely on the electromagnetic waves sent from the 
RFID reader. Electrical fields are induced in the tag’s antenna by the incident wave 
received from the reader in proximity; this gives rise to the generation of minute 
voltage across the tag antenna’s region which is the input port of the chip. The power 
generated within this region of the tag is used to activate the chip IC and transmit the 
signal containing the unique data held in the IC memory. They can be said to go into 
a standby mode until they are re-activated by a reader in proximity and then it then 
starts to broadcast its encoded EPC. The range over which this is broadcasted 
depends on the chip IC excitation threshold, this is an important factor to consider 
[25].   
 
Figure 2.4: Backscattered signals from Passive and active tags 
 
 
The reader-tag communication process is explained in two steps. The first 
communication phase is the power supplied to the tag from the reader’s antenna, 
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which is the forward communication where the chip is activated by virtue of the 
electromagnetic field region of the reader antenna. The second phase of 
communication is the backward response from the tag to the reader where signal is 
sent backscattered to the receiving reader antenna. The active tags are usually 
internally powered by a small lightweight battery, which keeps them in a constant 
active state ready for communication at any given point in time. They also 
communicate over longer ranges compared to the passive tags for this obvious 
reason which is a major advantage. However, their functionality lifespan is limited 
due to the draining of battery power which is the main disadvantage of this type of 
tag. The third type of tag combines the advantages of the two types earlier mentioned 
above.  
 
Figure 2.5 shows a complete RFID network with all the working component parts, 
the tags communicate their unique ID when queried by the reader antenna and this 
information is decoded by the reader software and compared with the database for 
referencing. The reader antenna comes in different shapes and sizes for increased 
portability and can be wired or wireless. Hand held RFID readers have now become 
more popular in RFID applications. 
 
 
Figure 2.5: RFID network setup 
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This research focuses on the design of passive tags majorly due to the energy saving 
capabilities of this type of tag when deployed as part of a wireless 
communication/monitoring network. The other tags design complexity and the cost 
of batteries are a major disadvantage. In addition, the uncertainties involved with the 
inaccurate prediction of the performance of batteries become another challenge. 
Therefore, passive tags are proven to be more effective and suitable for deployment 
as liquid level sensors.  
 
Table 2, summarises the differences between the various tag types in terms of their 
energy saving capacity, detection range, size and complexity of design, durability 
and cost effectiveness. For liquid level applications, the passive tag with a 
combination of novel deployment techniques proves to be most energy efficient and 
cost effective solution. 
 
Table 2.0: Distinction between Passive, Active and, semi-active tags 
PASSIVE TAGS 
SEMI-
ACTIVE/PASSIVE 
TAGS 
ACTIVE TAGS 
Reader powered Battery powered Battery powered 
Minimum detection range 
(< 1m) 
Shorter detection range 
compared to active tag     
(< 10m) 
Improved and better read 
range (> 10 m) 
Longer lifespan 
Lifespan limited but 
greater than active tags 
Shortest lifespan of the lot 
Smallest and light weight Moderately sized 
Bigger than the other 
types 
Cost effective 
More expensive to 
produce 
Most expensive to produce 
and maintain 
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The longer lifespan, simplicity, and cost effectiveness of passive tags makes them 
preferable for use as energy efficient sensors in this research work. Each type of tag 
serves its own purpose based on the application for which they are deployed. In a 
design application where the communication range is a principal pivotal factor, 
active tags would become more suitable. Passive tags are most suited for 
communication ranges within a few feet for auto identification and tracking. 
Identifying and working within the most appropriate frequency for design 
application is an important factor to consider when designing any transceiver. 
The communication distance is affected by frequency selection of the design. For 
example, for high frequency operation, the communication distance will be shorter 
compared to lower frequencies. The reader deployed during physical measurement 
of the designed tag read range has two dedicated antennas, each with the function of 
transmitting and receiving respectively. The reading range can simply be measured 
between the tag and transmitting antenna. The Alien RFID reader AlR-8800 has 
been used throughout this research work, it operates between 865.6-867.6 MHz with 
5.5 dBi gain [26]. 
The maximum range of detection r is expressed in Friis transmission equation as 
expressed below: 
 
thP
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Here, λ is the wavelength, Pt is power transmitted from reader antenna, Gt   the reader 
antenna gain, the Effective Isotropic Radiation Power (EIRP) of the reader is 
represented as PtGt, Gr   represents the gain of the receiving antenna, Pth is threshold 
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activation power for the tag chip, and the power reflection coefficient is presented as 
|s|2. 
 The return loss of the input signal is given as a coefficient, this is calculated as 
follows: 
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ccc jXRZ  ;  aaa jXRZ   (3) 
 
Where Zc  and Za  are the chip and tag antenna impedances respectively.  
The component parts of the Alien RFID reader is as illustrated in Figure 2.6, is 
composed of two reader antennas dedicated for transmitting and receiving, software 
tools, a power pack (240V) and passive tags. The software tool set is installed on 
computer that runs the software demo (Alien demo software) and links the 
information received from the reader to the computer database.  
 
The communication line between the reader and middleware can be achieved by 
cabled or wireless network. An alternative wireless connection can be configured by 
assigning dynamic IP addresses for autonomous connection. The cabled antennas are 
six metres long, this makes it convenient for placement at various selected distances 
for tag detection, and range measurement. The Alien RFID reader was deployed for 
use all this research work. The Alien reader come with its own software which is 
installed to on a PC and then the ports of the reader connected to the serial port of the 
computer to physically link the systems. The reader antenna is then attached to a 
selected port and then the software is run on the system on a selected reader mode. 
This software has been used to read and write information to the chip IC of the tag.  
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Figure 2.6: Alien RFID technology kit 
 
The frequency operations of the proposed tags are usually in the LF and UHF band 
with both near and far field coupling operations respectively [33]. The reader-tag 
communication in the near field is usually established using the electric or magnetic 
fields and electromagnetic radiation in the far field. 
 
2.5 NEAR AND FAR-FIELD PROPAGATION 
 
The propagation process involved with RFID systems is of two types, these are: 
near-field and the far-field systems. Communication in the near-field is a short range 
mode of communication process for tags deployed in Low and High frequency 
bands. Far-field propagation is adopted for a wider range of communication 
particularly in the UHF and Microwave frequencies. The primary magnetic field is 
generated at reader antenna regions in proximity to the tag; this magnetic field then 
induces an electric field (in the near field) at tag antenna region which activates the 
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chip IC and creates an impulse of electric waves in the near field region. During the 
far field transmission, the electromagnetic field created in the region of the tag 
antenna detaches itself from the surface and radiates into space (usually during 
backward communication from tag to reader). The ratio 120 π or 377 Ω relates the E 
and H fields particularly in the far field region. The operating distance between the 
near and far fields is expressed as: 
r = λ / 2π (4) 
 
This is very true particularly for miniature antennas where the dimensions of their 
structure is much smaller than the wavelength (D<<λ). D represents the optimum 
size or structure of the tag antenna while r is a representation of the radius of the 
radiating structure. Distances in the far-field holds when D>λ, and this is denoted in 
equation (5): 
r = 2D2/λ (5) 
 
The radiating near-field is the region where the antenna radiation pattern not fully 
formed but taking shape, equations (4) and (5) is combined to get an expression for 
the near-field region: 
λ / 2π <r < 2D2/λ (6) 
 
The powers of range 1/r, 1/r2 and 1/r3 usually represents the fields across the region 
of an antenna as denoted in Maxwell’s equations. The higher order powers show up 
more frequently in the near-field solution, in the far field zones the first order power 
dominates. 
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2.5.1 FAR-FIELD PROPAGATION AND BACKSCATTER PRINCIPLE 
 
RFID tags have an important feature fundamental to their success of operation. This 
is the backscatter property, where power is from the Reader antenna is absorbed to 
activate the chip and reflect the encoded signal held in the IC back to the reader. This 
mode of communication occurs at a longer range of field from the radiating structure 
(far field). The frequency phase of the reflected waves is shifted to encode 
information, this process is called modulation. For complete and successful full 
phase operation of tag-reader communication, the forward and backward power 
transfer must occur without any form of interference. 
 
2.5.2 FORWARD POWER TRANSFER 
 
The power at the region of the tag transmitted by the reader antenna must meet the 
threshold power activation requirements of the tag in order to successfully ‘wake’ 
the tag and trigger it into communication. The tag reacts by adjusting its input 
impedance and reflecting the signal back to the interrogator. The terms ‘reader’ and 
‘interrogator’ are used intermittently all through this write up to connote the same 
meaning.  
 
Figure 2.7: Forward power transfer principle for a chip based tag. 
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In the figure 2.7, as depicted, ZA = Ra + jXa is the complex antenna impedance and 
ZC = Rc + jXc is the chip impedance; ZC may vary with the frequency and input power 
to the chip. 
 
Passive tags are power efficient; however they have their own associated challenges 
as earlier mentioned. This should be taken into consideration in designing tags for 
specific applications as ignoring any of these challenges could invalidate the whole 
aim and concept of the design [23]. 
 
RFID tags are also classified into chipped and chipless tags based on techniques 
implored for data storage [46, 47]. Chipless tags do not carry the IC on board but 
have unique patterns which are encoded unto their surface. Chipped tags carry an IC 
which is used to store their unique identification. Each of these types of tags has 
been studied from an application perspective, undoubtedly each have its own 
advantages and weaknesses based on suitability for certain applications, and the cost 
implications involved. Generally, chipped tags have gained more popularity for use 
as liquid sensors because of the liquid level memory requirement of this type of 
application. Tremendous success in chipped RFID tag technology deployment has 
been made possible by the cost effective production and miniaturization of 
semiconductor components used in the development of IC’s of the tags. This calls 
for a thorough and more detailed understanding of antenna performance 
measurement parameters. Some of these parameters are discussed in the subsequent 
sections of this chapter. 
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2.6   REVIEW OF LIQUID LEVEL MEASUREMENT TECHNIQUES 
 
Previous approaches to both manual and automated methods applied to liquid level 
measurement have always had limitations. There have been various attempts at 
addressing the liquid level monitoring and control problem. Several technologies 
ranging from simple mechanical float switches to more complicated ultrasonic 
sensors have been deployed in a bid to provide more accurate, reliable and efficient 
liquid level information. Many of these technologies are complex, difficult to deploy, 
and generally not cost effective for multiple deployment over a large scale. 
 
A sight glass used for manual measurement suffers from material failure and poses 
serious fire and explosion hazard to personnel. The seals easily develop leaks spots, 
and sludge build up obscures visibility making them less suitable for sensitive liquid 
monitoring operations. Some liquid level monitoring systems are based on specific 
gravity, which is the most commonly used physical property for liquid level 
detection. A float with a differential gravity between the process fluid and the 
container headspace vapour correctly and effectively follows fluid level fluctuations. 
A hydrostatic head measurement is also commonly used for level detection. 
Computers associated with other sensor technologies are deployed when more 
complex processes for level detection and control are needed. Transducers with 
various signal output formats like current loops, analogue voltages and digital signals 
are also deployed for automatic level detection. Analogue signals, because of their 
variable nature, come with a lot of interference and noise issues which are usually 
simple to deal with. Computer crunching calculations are often required for effective 
liquid level measurement especially for the more advanced measurement techniques 
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(e.g. laser, radar and ultrasonic). New wireless capabilities enabling signals to be 
sent over a longer range with little or no degradation is explored with passive RFID 
tags deployed for level sensing. Extensive literature reveals the previous approaches 
to liquid level monitoring [48-52].  
 
RFID technology is used to automatically identify users and objects and in recent 
cases, the location of these objects can also be tracked. RFID has been employed in 
many applications specifically to exploit the energy efficient and saving capabilities 
achieved specifically when the passive tags are deployed. RFID tags communicate 
by radio waves through antenna attached to objects so that they can be identified, 
located and tracked. RFID as a dynamically emerging technology for product 
identification is widely accepted by many industries [53].  
 
The application areas are also rapidly increasing most especially in commercial 
applications. It is used to track work in process, inventory, containers and finished 
products as they move from one section of the production process to the other. In 
transportation, it is deployed for logistics, fleet management, pallet, container, cargo 
track and improving asset utilization [54]. In the healthcare and Pharmaceutical 
Industry it is used to track patient’s mobility and keep track of drug stock to reduce 
errors, in the Military and aerospace it is used to track hazardous materials to 
improve safety and reduce counterfeiting of parts. Ford’s popular F-150 pickup 
trucks now come with on board RFID reader for monitoring cargo. The army has 
also deployed RFID systems to monitor and control the utility pattern of cannons on 
M1 Abrams tanks. The statistical data obtained will help the army engage in 
effective forcasting and precision planning ahead of operations, for example RFID 
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technology can be used to obtain informtion about the end–of–life of barrels and 
other artillery in order to expediate their replacement before full engagement in the 
battle field. 
 
The most recent advances in the application areas has been in smart parking, remote 
moisture sensing, contactless payments, real time location systems. These 
applications have deployed existent technology and implemented them in creative 
ways that previously never existed. Some achievement has been made in the area of 
deployment of passive  RFID tags for liquid level sensing. Some of these works are 
as discussed below: 
 
 Effective moisture sensing was achieved using RFID tags [55]. The work 
presented showed the effect of humidity on ordinary tag operational 
performance. This behaviour of tags in presence of moisture is used as a basis 
for infering moisture level. 
 
 In [56] long range interrogation of small liquid samples is achieved using a 
passive harmonic generator based wireless sensor. Two sensor designs were 
tested for their interrogation capabilities by loading them with liquid samples 
which induced changes in the power reflected from the tag. The liquid 
samples under test were mixtures of methanol-water, isopropyl alcohol-
water, and glucose-water. This provided a range of dielectric properties for 
the evaluation of the long range sensor. The sensor presented an effective 
performance and recommended for potential application in food safety, bio 
sensing and hazardous chemicals monitoring and detection. 
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 RFID tags were deployed for wireless liquid sensing for restaurant 
applications [57]. In this work, fluid levels were successfully detected via a 
high resolution capacitance measurement with the prototype using a standard 
microprocessor and a number of passive components.  
 
 The work done in [58] shows the characterisation of the liquids using cavity-
perturbation-technique, producing good sensitivity at 4GHz. RFID dielectric 
permittivity sensing of liquids is achieved using two planar sensors.  
 
 Humidity threshold monitoring is achieved in the work presented in [59]. The 
sensing principle adopted is based on the deliquiscence property of 
substances like salt. When the set humidity threshold for such substances are 
exceeded, it results in a situation of over exposure of the tags to moisture 
which degrades the tags performance, resulting into a permanent change in 
the electric resistance of the tag. The tags designed in this case are therefore 
suited for single use, as the damage done to the tags become irreversible.  
 
 An RFID based sensing in volatile environment for underground oil well 
communications is analysed in the work presented by J.Zhu [60]. An 
optimum design for an RFID reader and tag is presented in this work with 
detailed consideration given to the environmental and tag deployment factors. 
Factors like proximity to liquid and metal pipes which has an effect on tag 
performance is fully considered for compensation in the optimised design.  
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 In [61] a method for measuring the freezing state of liquid Nitrogen is 
presented. This is achieved by monitoring the dielectric permittivity all 
through the freezing process. The tags deployed as sensors are powered by an 
external electromagnetic field, the values obtained from measurement is 
transmitted to a reader coil located on the exterior of the cooling container. 
Unlike the previous wired methods of measurement, this method achieves 
wireless and effective measurement and transmission of results. The 
precondition that needs to be met for the proper function of the sensor is that 
the sample liquid needs to show significant permittivity change as a result of 
lowering its temperature.  
 
 RFID tags has been deployed to detect the volume of  liquid in beverage 
glass cups [62]. This was achieved by mapping a change in Received Signal 
Strength Indicator (RSSI) power measurements from RFID tags to the level 
of liquid in the glass. Accuracy predicions of about 80% was achieved when 
the set up was tested in real restaurant –like setting.  
 
 A chipless tag was used in designing a high-resolution RFID sensor [63].  
The sensor designed, is a passive resonant LC circuit tag with a regenerative 
loop in the reader, to compensate losses and increase the quality factor of the 
system. Deep field penetration is achieved due to the high quality factor 
resulting in high resolution sensing.  The tag quality factor is increased from 
135 to 20 000 in air by the regenerative loop. The quality factor can also be 
adjusted by varying the applied dc voltage. 
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 An experimental test bed for the measurement of RFID tag antennas, inside 
pipes filled with liquids, was presented in [64]. Fixed and mobile tags were 
placed in distribution pipes to monitor the condition of these pipes. The test 
bed set up measured tag performance with fluctuating pipe pressure. Results 
obtained in terms of the received signal strength was was used to estimate 
and predict the state and condition of effluxes in the pipes.  
 
A lot of these instances of RFID deployment has focused more on the possibility of 
tag deployment without giving adequate attention to the areas of cost, size, flexibility 
and energy cost savings of RFID deployment. These previous study has also shown the 
effectiveness of the WORM type of chips for adoption as humidity sensors at room 
temperature due to its sensitivity at higher temperatures [65]. The power requirements of the 
chip on the tag as well as the impedance matching with the antenna input impedance, has an 
important effect on certain radiation properties such as, the gain and reading range. The 
nature of the dielectric material used affects certain radiation characteristics of the tag, the 
chip IC and the antenna material are attached to this dielectric substrate which is usually 
made of material of different electrical conductivity and relative permittivity. Studies have 
shown that the rate of power utilization by the chip is inversely proportional to the range of 
communication [66]. For optimum performance particularly in the area of the antenna’s 
gain; the antenna’s input impedance should properly match the chip impedance. 
 
The major aim of most research study on RFID tags is in a view to improve the gain, 
sensitivity and the read/write range of both reader and tag antenna. This research 
work extends the study beyond this to explore new application areas of passive tag 
deployment as liquid level sensors.  
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The UK sewerage network, at 302,000 km in length, is one of the largest 
infrastructures within the water industry. These assets are aging and are also subject 
to increasing capacity demands because of increased urbanization, more stringent 
environmental regulation and the projected consequences of climate change. 
Currently, the water industry is investing in excess of £200 M per annum in sewer 
replacement and rehabilitation [67-69]. To proactively reduce their risk of failure and 
become more operationally efficient, water companies have developed strategic 
partnerships with a range of organizations, including academia and instrumentation 
manufacturers, to help find solutions for improving the efficiency of responses to 
failure of key elements of critical infrastructure resulting from degradation, overload, 
or disasters due to natural or man-made causes. In recent years, wireless sensor 
network (WSN) research [70] has received substantial attention due to its low cost, 
ease of deployment and successful implementation in many applications in business, 
transportation, government, defense and healthcare. To further explore other 
potential applications, significant efforts have gone into the development of Wireless 
Underground Sensor Networks (WUSN) [71-73]. These can be an optimal practical 
solution allowing water companies to change radically the existing methods of data 
collection and monitoring of sewers.  
 
Underground environments are obviously lossy since they contain soil, rocks and 
water, and are relatively complex compared with the surface environments. To 
achieve a better transmission range, lower operating frequencies are necessary. This 
results in larger antennas being deployed underground, which is theoretically 
desirable but less practical because of limited space. For these reasons, it is desirable, 
if challenging, to establish reliable wireless Sensor to Sensor (STS) communications 
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underground, and a Sensor to Base Station (STB) communication from underground 
to the surface [74-75].   
 
To gain better understanding of the RF propagation below ground, extensive 
measurements and associated simulation modeling for horizontally, vertically, and 
cross-polarized signals in underground assets, i.e. mines and tunnels [76], manholes 
[77-78], and a gully pot [79], have been undertaken and reported in the literature. 
Interestingly, all the above research findings show the importance of operating 
frequency, antenna polarization, and electrical properties of the underground asset 
walls, for the signal propagation characteristics. This further confirms that the 
antenna element in a wireless system plays a pivotal role in enhancing the 
transmission and reception in such a harsh environment. For this reason, many 
antenna design concepts have been proposed and implemented for underground 
applications. 
 
 For STS underground communication, a zig-zag shaped monopole designed for 915 
MHz operation [73], and an inverse triangular monopole antenna intended to operate 
from 900 to 1500 MHz [80], have been suggested and explored. For STB 
underground to above-ground communication, it is noticeable that many antenna 
design techniques have been developed to establish a reliable and longer distance 
wireless link through an above-ground base station [81-91]. In some published works 
[81-84], the authors attempted to convert the conventional manhole cover to operate 
as an antenna. In [81], a thick slot has been cut in a metal manhole cover to form a 
slot antenna, while in [82] a slot antenna was embedded in a shallow cavity inside a 
cast-iron manhole cover.  
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As this antenna is located on the surface of the ground, it increases the chances of 
communication with the base station. However, the technique suffers from 
difficulties of machining, and is rather impractical for widespread implementation, 
since covers of different sizes, shapes and materials are available. To solve this 
problem, a composite manhole cover slot antenna with a sandwich structure was 
suggested in [83], while in [84] an electronically steerable linearly spaced parasitic 
slot array was integrated with a composite manhole cover. Again, using a composite 
cover is still an expensive solution as all existing metal covers would have to be 
replaced if large-scale implementation were required. Apart from modifying the 
manhole cover, other underground antenna designs requiring less disturbance of the 
infrastructure also have been investigated [85-90]. These include a two-arm conical 
spiral [85] and normal mode helix antenna [86]. Both works [85-86] show that 
stronger signal reception above the ground can be achieved via radiation of a 
directed beam. A three-element wire-based inverted-F antenna array which offers 
high gain, a unidirectional pattern and polarization diversity was recommended in 
[87]. In order to reduce scattering, a novel antenna system combined with a carpet 
cloak and a cavity which possesses steerable radiation patterns was proposed for 
operation over 8-12 GHz [88]. In addition, a composite right-left handed (CRLH) 
microstrip patch antenna [89], and a single layer and stacked microstrip antenna [90], 
were used for UWSN. 
 
Among all the designs proposed, it was found that they are mostly only capable of 
offering narrow single band operation [81-87, 89-90]; only very few such as in [80, 
88] can handle wideband operation and no design demonstrates dual-band operation. 
This research work explores in practical terms, a novel dual band planar folded loop 
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antenna for wireless sewer  monitoring, with a view to extending the communication 
capabilities with terresial networks for global reporing of underground sewer liquid 
levels for early warning, reporting and conrol purpose for multiple liquid level 
applications. 
2.7  REVIEW OF PREVIOUS ANTENNA DESIGNS  AND APPLICATIONS 
USING GENETIC ALGORITHM 
A new approach incorporating GA with the electromagnetic simulator has been 
adopted recently with increasing popularity specifically for antenna designs. The GA 
has been applied in designing wire and micro strip antennas. GA has also been 
deployed for solutions in other applications in wideband antenna designs particularly 
in imaging tools used for detection of breast cancer. Successful beam steering for a 
set of array antennas has also been optimised using GA. Improvements in MIMO 
systems have also been explored with GA, this was found to tremendously enhance 
the capacity of the channel generally. MIMO transceiver systems designed and 
optimised with GA come with tremendous reduction in size, power consumption and 
making them more cost effective.   
 
The basic benefit derived from the application of GA is the creation of fast, efficient 
and optimised solutions with best performances for antennas irrespective of the 
selected operating frequency. GA in combination with FORTRAN was used to 
analyse a series of randomly selected antenna types.  A series of different antenna 
design derivation via GA has clearly shown the strength of this tool as an efficient 
optimiser for searching and finding fast and effective resolutions particularly for 
complicated antenna geometries. 
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A new subroutine in the form of an adaptive computational program coded in 
FORTRAN was added to the GA driver by some authors in order to simulate various 
geometries for the micro strip patch antenna. A surface patch model was combined 
with the GA driver which was capable of supporting 3D antenna structures with 
moderate dielectrics. 
A series of previous work carried out exploring various application areas of GA is 
discussed below: 
 
 One of the popularly known GA generated antennas is the Crooked Wire 
antenna known for its unique geometry [91]. The antenna geometry suggested 
was mainly in order to optimise both the radiation and polarisation patterns. 
His technique was to achieve a RHCP antenna radiating in a particular 
dominant direction. The result of his experimentation on this antenna with GA 
applied had no similarity with existing antenna designs but matched their 
functionalities with improved results. 
 
 In [91], GA was applied to the yagi-uda with the main aim of improving the 
radiation characteristic (gain and VSWR) for four M-length specifications (M 
= 15, 16, 17 and 21) for the Yagi-Uda antenna, their quest was mainly 
motivated by the slow improvement of the yagi-uda radiation characteristics. 
The usual Yagi-Uda design is composed of a selection of elements in array 
with a dipole element carrying the feed input, a reflector, and parasitic 
elements. It is majorly deployed for applications requiring a high gain 
operating in the narrow band. Its physical realisation comes with a light weight 
which is very cost effective and makes this type of antenna suited for most 
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applications where its radiation parameters perfectly serves the best  purpose. 
The gene, chromosome/Individual, Cost function, Population, Crossover 
mutation and generations parameters were set in the GA software. 
 
The GA computation of the optimised dimensions for the elements of the 
Yagi-uda was very different from the conventional structural sizes but with 
much improved performance. Conventionally Yagi antennas are built with 
decreasing element lengths and increasing spacing between the subsequent 
elements along the array. In GA this conventional Yagi-uda spacing was not 
adhered to, the spacing in GA showed no symmetry in pattern and element 
spacing was rather random. The GA yagi-uda antenna results achieved a 
higher gain at a design frequency of 432 MHz. The other parameters like gain, 
side lobe level, back lobe level, VSWR, and polarization were controlled with 
a separate element of the GA. One of the realisations over a specific region in 
space had low side lobes while the other created a yagi-uda with circular 
polarization. The design results achieved here was a novel and new solution 
for the yagi-uda derivative. 
 
 In [92], GA was used in achieving new designs for the broadband patch 
antenna. A metallic patch, represented by ones (metals) or zeros (non-metals) 
for the sub patches was generated with the main aim of widening the 
bandwidth of operation of this micro strip around a centre frequency of 2GHz 
by exploring different geometries of the patch for optimum result. The final 
result showed a fourfold bandwidth of  ~8 % on simulation and physical 
measurement basis  compared to the regular 1.98% bandwidth of the micro 
strip patch of dimensions (36 x 36 mm). 
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 In [93] the research was aimed at achieving an antenna for the 1.9 and 2.4GHz 
frequencies respectively by adopting the patch antenna working in dual band 
mode. The results of the optimised design in GA showed a 6.2 and 6.9 percent 
bandwidth of operation at 1.9GHz and 2.4GHz respectively. 
 
 
 As presented in [94] the study compared the results of GA-optimised designs 
to other software optimised design in order to ascertain which of the 
optimisation platforms yielded a better bandwidth performance. The bow tie 
and reverse bow tie antenna was analysed. Results obtained revealed an 
excellent performance of the RBT over the BT, as the RBT achieved lesser 
bandwidth of up to 80% and a drastically reduced size compared to the BT.  
 
 
 A circular micro strip antenna considered for optimisation with the GA was 
studied in [95]. A new approach of adopting GA for the optimisation process 
was presented [96]. The optimal parameters for the geometry size of the micro 
strip with radiant circular element and fed with a coaxial cable was determined 
using the GA optimisation technique. The major aim was to determine the 
optimum values of three parameters regarding the design, these are: radius ‘a’, 
substrate thickness ‘H’ and relative permittivity ‘εr’. This was in order that the 
antenna achieves the resonant frequency constraint of 5 GHz.  The results 
obtained for the three parameters are: a = 1.25 cm, H = 0.35 cm and εr = 1.36. 
This results showed global optimum solutions without a long set of parametric 
study as usually done with other software.  
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 The GA based on fuzzy decision making was used to optimise the bandwidth 
of the E-shaped micro strip antenna in [97]. The Fuzzy inference system (FIS) 
was used to manipulate and effectively control the parameter settings of the 
GA program [98]. The results established a 33% wide bandwidth for the E-
shaped antenna with applicability to the 1.9 and 2.4GHz frequencies 
respectively. The GA solution showed faster convergence in simulation terms 
as compared to other simulation platforms.  
 
 
 A comparative analysis is made of the techniques employed for Multi 
Objective Genetic Algorithm (MOGA), Multi Objective Simulated Annealing 
(MOSA) and Divided Range Multi Objective Particle Swarm Optimisation 
(DRMPSO) applied to LC filter tuning in [99]. The results showed a 
tremendous improvement in terms of the execution time of the algorithm and 
also demonstrate the fact that the applied DRMPSO technique produces a 
similar level of optimisation performance in comparison to the other methods.  
It therefore becomes very useful particularly for the miniaturisation of 
previous antenna designs with improved performance. Documented literature 
on the significant results obtained in improvement in antenna filter tuning over 
previous methods is presented in [100-101]. 
 
 GA optimisation was used to obtain optimisation results for a dual band planar 
monopole antenna, operating in both narrow and UWB frequencies respectively. 
The results showed a tremendous performance particularly in the notch-band for 
the monopole realisation [102-112]. It was demonstrated that the pattern 
symmetry in notch band can be improved by simultaneous optimisation of 
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impedance match and radiation pattern characteristics of the antenna. Effective 
and higher attenuation bandwidth levels were achieved while maintaining the 
same desirable bandwidth characteristics with the GA optimized band-notched 
antenna, which showed a better performance as compared to the traditional 
band-notched planar monopole. 
 
 The miniaturization of antennas is explored by effective processing and 
optimisation of the chromosome length in GA as presented in [113-114]. The 
proposed design of the miniaturization process considered geometries 
fundamental to the operational efficiency of the antenna and removed the 
undesirable conductors in the design geometry hence lowering the cost of 
production in the process. The findings form a strong base for the 
miniaturization and design strategy of current and future antennas. 
 
 Another study was focused towards the optimisation of the bandwidth and the 
gain of a rectangular shaped patch antenna using GA as presented in [115-
116]. The thicknesses of the substrate and geometry dimensions were altered 
and the results examined. The results show improved performances in gain and 
bandwidth for the specified design using GA. It was observed and deducted 
that the greater the thickness of the substrate the higher the bandwidth 
improvements; also a change in the material of the substrate to those of higher 
permittivity values improves the gain performance of the antenna. 
 
 In [117-118] the input impedance of a Koch triangular quasi-fractal antenna is 
optimised using GA. An in-set feed is used to match the impedance.  A micro 
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strip line is used as the excitation of this structure. The onset geometry of the 
antenna is designed in the HFSS software and then fed into GA for 
optimisation after which the simulated and measured results are compared 
with those of the HFSS. The dimension of the inset feed is obtained by 
previous guidelines of samples explored in documentations [119-120]. The 
reflection coefficient obtained when GA is deployed, reflects a better result of 
-40 dB. 
 
 The work presented in [121] is a dual band micro strip antenna based on the 
second iteration of modified Koch fractal configuration. A series of fractal 
element antenna structures which has been modified by GA was explored and 
results obtained was cross analysed with the previous modifications obtained. 
The Real Coded Genetic Algorithm (RCGA) is used in combination with 
electromagnetic simulation.  Parametric definition of conventional Koch shape 
generates new geometries of antenna structure, which suggest wide space 
design [122]. The GA optimisation technique applied here efficiently obtained 
the workable combinations of parameters and the best structural specification 
for the antennas operation at the selected design frequency of 5.8 GHz and 2.4 
GHz. 
 
The reader antenna for the RFID tag obtained in this research write up is then 
proposed to be designed with the GA platform in order to obtain the best geometry 
sizes and specification within the shortest possible time. The reader antenna radiates 
in a with a circular polarization in order to avoid any signal loss issues during 
detection of tags since the tags will be linearly polarised in some design instances. It 
58 
 
is therefore necessary to create a reader polarisation that will match and effectively 
work with a large selection of tags to avoid polarisation mismatch [123]. For passive 
RFID systems, it is required that reader antenna performance shows minimal 
correlation coefficient compared to other normal communication scheme. The 
backscattered signals from the tags are often weak and this makes them prone to 
various types of interference like collision with other reflected signals from the 
reader [124]. 
 
2.8    ANTENNA PERFORMANCE PARAMETERS 
 
 
An antenna is a vital part of a communication system and is in fact central to the 
operations of any communication system. It couples RF signals into space in the 
form of an electromagnetic wave and vice versa. These two processes are referred to 
as transmission and reception. Usually some antennas are dedicated to transmission 
or reception of signals only. But in most cases especially in telecommunications 
antennas are designed to function both as signal transmitters and receptors. It is 
therefore very important to understand the working elements of an antenna system in 
order to design them to meet certain application requirements.  
 
 
1. Antenna Power Gain: is the magnitude of the energy emitted from a radiating 
antenna in a specified direction in comparison to the electromagnetic radiation 
of an isotropic antenna in similar direction with similar input power. The 
EIRP, is the product of the input power and maximum gain of the antenna. The 
tag antenna radiates at certain frequency; the size and geometry of the tag 
antenna is carefully tailored to match the operating wavelength. 
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2. Directivity: defines the capacity of an antenna to focus its radiated power in a 
defined direction achieving a greater transmission distance culminating in 
longer detection range particularly for RFID systems. 
 
3. Reciprocity: is the ability of an antenna to transmit and receive power in both 
directions without degrading other parameters associated with its performance. 
 
4. Polarisation: is the orientation or position of the electric field component in a 
radiated waveform. It comes in a circular (right or left) or linear pattern. In 
order to avoid a mismatch in polarisation which often results in signal loss, 
antennas communicating with each other must be designed to operate in 
similar polarization for optimum link coupling. Polarization concept in tag 
antenna design is crucial and fundamental to the performance of the tag and 
adversely affects the detection range if not properly matched with the 
polarisation of the reader antenna.  Linearly polarised RFID systems require 
the two parts of the system, tag and reader to be in the same linear direction. 
Circular polarisation (CP) on the other hand radiates energy equally in all 
direction and eliminates the need for devices to be configured to radiate in the 
same orientation; this type of polarisation wastes a lot of energy because it 
radiates it evenly even to directions not needed. Radiation patterns in antenna 
analysis are usually represented in elevation and azimuthal patterns. The 
polarisation state shows the orientation of the electric and magnetic fields in 
the waveform. Figure 2.8 illustrates the polarisation types. It is very important 
to understand and decide from onset on a particular type of polarisation that 
60 
 
will guarantee successful performance of the antenna for the intended 
application. 
 
 
Figure 2.8: Antenna Polarisation Types; (a) LP, (b) RCP and (c) LCP 
 
The radiation characteristic of an antenna is represented in the E-plane and 
the H-plane respectively. CP is produced or formed by combining two 
orthogonal linearly polarised antennas of same amplitude with their time 
signals phase shifted by 90 degrees. The type of circular polarization (right or 
left handed) is defined by the phase shift polarity [125]. In theory, the 
isotropic antenna emits equal radiation in all directions with a similar 
radiation pattern which does not exist physically. 
 
5. Impedance matching: the nominal value for the input impedance of most 
antennas is specified at 50Ω impedance. This is in order for maximum energy 
transfer operation during communication. For RFID tags, the chip IC 
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impedance must closely match the tag antenna impedance for successful 
transmission of tag-reader signals. 
6. Return loss:  is a ratio between the incident and the reflected signals from the 
antenna, usually expressed in (dB); it is also referred to as the reflection 
coefficient. 
      
7. Bandwidth: is the selection of a range of valid frequencies of operation of an 
antenna. It is usually expressed as shown in (7):  
100[%] 


c
LH
f
ff
BW  (7) 
 
          where fH represents the upper frequency, fL symbolises the lower frequency 
while fC   represents the centre frequency. 
 
8. Radiation Pattern: is a representation of the geometry of the radio waves 
coupled into space in the far region of the antenna. The peak radiation intensity 
is found and then half power beam width (-3 dB) points on either side are 
located. These points represent half the power of the peak intensity. The peak 
radiation will form a pattern known mostly as the main lobe and the power 
radiated to other directions will form the side lobes. Radiation patterns have 
nulls in them; these are points in which the effective radiated power is at 
minimum. 
 
9. Efficiency: the efficiency of an antenna is defined in terms of the amount of 
energy received at its input which it is able to radiate away with minimal 
energy loss. 
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2.9 TARGET APPLICATIONS  
 
The design realisations obtained from this research work is majorly intended for 
deployment in liquid sensing applications. Passive tags are designed, modelled and 
deployed to operate in different environments and applications. The design 
realisations discussed in this work have produced expected simulation and 
measurement results based on each application scenario to which they have been 
deployed. Some of the major applications to which the designed tags can be 
deployed are: 
 
Water companies: for monitoring underground drainage systems to provide early 
warning against flooding thereby minimizing wastage and flooding occurrences 
across the globe. The tags also find application for domestic use in monitoring well 
or borehole water levels and give an insight for planning in times of famine or dry 
season. This is particularly important for irrigation farmers who rely solely on water 
available to maximise produce and profit especially in dry season particularly for 
areas with less than average rainfall compared to other parts of the world. This 
deployed tags also become a very important tool for geologist investigating the water 
levels across the globe.  
 
Oil & gas: deployed for monitoring of surface and underground oil effluxes. The 
demand for efficient oil pipeline monitoring tools particularly in oil producing 
countries is on the rise. Passive tags networked with temperature and pressure 
sensors provide this all vital information for monitoring, automation and control of 
oil instrument data. 
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Power sector: An RFID tag deployed for smart remote metering of domestic power 
consumption helps cut down the cost of bill administration and improves the 
efficiency of service delivery of power company operations. Power companies are 
continuously seeking for better ways to provide services and conserve energy in the 
process by contributing as less as possible to the global carbon print indices. 
Competition perspective among companies now tends towards the going ‘green’ 
culture for which passive RFID tags play a major role.  
 
Construction industry: The designed tags can be deployed as moisture or leak 
sensors in buildings which can give builders a perfect directional clue for resolving 
such issues especially in concealed areas. Typically, smart houses deploy a range of 
networked tags to achieve autonomous functions. 
 
Mobility monitoring: in an organisation, employers can use these tags (if embedded 
on staff identification cards) to monitor staff movement, set access criteria and 
attendance and be able to study and assess the workflow of any department within 
the organisation. In times of emergency the specific location of staff can be 
communicated effectively. This is also applicable to hospitals and schools. Asset 
tracking is also an interesting application area for this tag design. 
 
Transport Industry: Intelligent transportation Systems has deployed RFID tags to 
set and automate several functions within an automobile. This increasingly makes 
driving experience better and safer for the ever increasing commuter globally. Smart 
parking applications have also deployed RFID tags. The design realisations of this 
research work can be modified to work perfectly for these numerous applications. 
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This thesis is particularly focused on the improvement of the size, quality, 
polarisation, detection range, and deployment of passive RFID tags and reader for 
liquid level monitoring. RFID deployment for use as liquid level sensors is a novel 
application area in which this research work has recorded a lot of success. Various 
tag geometries are designed and deployed and their performances have been 
analysed and tested. 
 
2.10 CONCLUSION 
 
The history and application areas of RFID technology has been vividly explored in 
details in this chapter. RFID systems architecture and modes of operation has been 
explicitly discussed. Previous identification systems are studied and mentioned 
within the perspective of the subject matter. The advantages of RFID identification 
system over the previous methods are explained. The types of RFID tags and their 
differences are explored in the literature. A justification for the selection of tag type 
based on intended application for research is presented. A study of the various liquid 
level measurement methods and challenges are extrapolated and appreciated as a 
motivation towards the proposed work. A justification for adoption of passive UHF 
RFID tags has been made based on their simplicity, energy and cost saving 
capabilities. An expository illustration is given on RFID tag and overall system 
communication strategy. The advantages and disadvantages of RFID technology as 
well as their various classifications are discussed. A critical review of previous 
reader antenna design with GA has been presented. A review of an in-manhole 
chamber antenna with the associated challenges has been discussed as a premise to 
the development of a novel dual band in-manhole reader antenna. Typical Antenna 
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performance parameters are identified and briefly discussed. The tools and kits 
employed for physical measurement of the performance of tags have also been 
highlighted and component parts explained. The target application areas for the 
proposed tag design are highlighted. The background study has given the researcher 
an in-depth understanding of RFID design principles that would be a basis for the 
conceptualization of proposed design for the intended application. The subsequent 
chapters, presents the development of the working knowledge of RFID tags into 
practical concepts for liquid level sensing applications. 
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CHAPTER 3 
GULLY POT MONITORING SYSTEM USING RFID 
 
3.1 DESIGN AND DEPLOYMENT OF RFID TAGS FOR LIQUID SENSING 
 
The research findings presented here is an energy efficient gully pot monitoring 
system using RFID Technology. It is aimed to demonstrate that water level data can 
be effectively collected using energy efficient and less expensive RFID network to 
monitor, report and efficiently prevent sewer and gully pot flooding. Residential and 
road network sewer and drainage flooding across the globe are mainly caused by 
blockages within the paths of the drainage network installation [67]. 
 
This chapter presents an alternative low cost, and energy efficient approach, to gully 
pot monitoring system, using passive UHF RFID tags. The tags were designed with 
ground plane for mounting on metallic surfaces and the other on polyethylene, for 
mounting on non metallic surface. The effects of conducting surfaces and water in 
particular on the realised tag radiation characteristics are explored as a basis for 
establishment of this a novel technique for monitoring liquid levels in a gully pot .  
 
The increasing demand for remote and independent monitoring and control of water 
facilities and installations beyond the barcode capabilities has fuelled research into 
the design and production of cost effective RFID tags [68]. It is therefore necessary 
to implement a remote monitoring system for these installations in order to prevent 
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the disruption and inconvenience these blockages cause. Extensive investment into 
research has been made by Government organizations seeking a more advanced and 
cost effective way of monitoring the underground storage and drainage infrastructure 
with a view to drastically reduce or totally eliminate the inconveniences caused by 
persistent flooding experienced most especially in the residential areas mainly due to 
gully/sewer blockages. UK water industry alone is currently investing an excess of 
£200 M per annum [126]. As a result of these a more cost effective and Pro-active 
approach is sought by water companies across the globe. Manual and telemetry 
systems have been previously deployed for data collection of water levels for the 
gully pots, due to extensive cabling and power demands of these systems, they are 
not cost effective for deployment over a wide area of gully pot networks.  
 
RFID tags are a cheaper alternative solution compared to other wireless sensors or 
cabled CCTV deployed to monitor water levels in gully pots. Passive tags are more 
power efficient in the sense that they only transmit in proximity of a reader.Research 
and development in producing low cost RFID tags is fuelled by the need to remotely 
identify and monitor objects and phenomenon beyond the limitations of traditional 
bar codes. Commercially low cost passive RFID chip with an analogue or digital 
input for sensor data is currently nonexistent. For example, resistance over the sensor 
port can be measured by an analogue version by incorporating simple passive sensor 
based components that adjusts its resistance in proportion to the physical quantity of 
interest.  
 
One interesting application where this would be useful is for underground gully pot 
or sewer waste water level monitoring. It is in view of this that a cost effective gully 
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pot monitoring system is proposed using RFID technology. Remote independent and 
effective monitoring of gully pot water levels in real time is achieved for data 
collection and transmission for distant operator station monitoring to prevent and 
effectively reduce sewer flooding.  
 
3.2 GULLY POT CHARACTERISATION 
 
The system initial set up is as illustrated in Figure 3.1, highlighting the various 
observations with changing liquid levels. The tags are laminated and attached to the 
inner part of the cylindrical vaccum representing the gully pot. The various levels 
within the gully pot were marked on the basis of different levels; these are LL-Lower 
level, M-Mid level, H-High level and HH-Highest level. The tags were re-
programmed for effective Identification on the graphical monitoring station based on 
the assigned levels within the gully pot. Tags AB65 – LL (Deep blue color), ABA4-
M (light blue), AB08-H (Yellow) and AC08-HH (Pink) for easy identification. The 
RFID reader operating at 865-868MHz was connected to the computer and the 
antenna connected to a port on the Alien RFID reader.  
 
The antenna was put at various distances from the gully point with the passive tags 
affixed to the respective levels intended for monitoring. The Alien RFID software 
was used and various levels of the gully pot was effectively indicated and 
transmitted for efficient  monitoring. When the passive RFID tags come in contact 
with water ohmic losses occur in the antennas near-field. It has been previously 
shown how this property can be used to measure the amount of water concentration 
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in soil and water by connecting a transmission line to a buried monopole antenna 
[127].  
A separation distance of 1.2 inches was maintained between the tags at different 
levels in the gully pot so that the near fields of their antennas do not interfere. The 
radiation characteristics of a passive RFID tag is impaired by environmental factors 
and particularly water [128-130]. 
 
Figure 3.1:Gully  pot  experimental set up 
 
Some soil was filled in around a cylindrical inner vessel inserted in a clay pot to 
replicate a real life scenario. The RFID reader was placed at varous distances away 
from the tags and the link coupling was observed from three different angulations 
(i.e., d, 𝛳 and 𝜙 as presented in Figure 3.1). The material composition of the gully 
pot wall was modelled to replicate ceramic, Aluminium and plastic. This was in 
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order to validate the tags operational efficiency when mounted on multiple surfaces 
with different electrical conducting properties. The performance of the tags showed 
consistent results in terms of the reflection coefficient and read range. 
 
3.3   THE S-SHAPED AND MEANDER LINE TAG ANTENNA 
 
This section presents the design of an S-shaped and the meander line antenna. The S-
shaped tag has been designed with a ground plane for mounting on metallic surfaces 
while the meander line tag has been printed on polyethylene for mounting on non-
metallic surfaces. RFID tag operation is affected by proximity to metallic surfaces, 
which distorts the signal received from the tag. One of the aim of developing a tag 
with a ground plane is to mitigate the effect on the radiation properties of the tag 
when mounted on surfaces with different electrical conducting properties. The main 
difference between the two tags presented is the existence of ground plane in the S-
shaped tag, this is in order to avoid the maximum coupling with the wall of the gully 
pot. Both designs deliver improved results in terms the radiation performances and 
the required RFID chip impedance matching for the intended application 
requirement. A full parametric study was performed using HFSS; the results 
obtained were exported to MATLAB for further analysis. The dimension 
specifications of the two passive antennas are shown in Figure 3.2. The size 
descriptions are depicted in Table 3.1 and 3.2. The chip input impedance was 
specified at (15 + j140) which follows the EPC global class-1 Gen 2 specification. 
 
Figure 3.2a is the realisation of a meander structure from a double twisted parallel 
line formation with operating frequency at 867 MHz and bandwidth of 3 MHz. The 
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structure adopted here is targeted at achieving the most minimal size with maximum 
radiation performance that matches the application requirement. The antenna 
performance has been studied in a semi-empirical fashion by tuning the parameter 
set (e, f and g) in controlled step size. It was observed that the parameter g and f had 
the most effect on the reflection coefficient of the meander line tag. The parametric 
analysis was carried out with each parameter set to increase in step sizes of 0.2 mm. 
The meander structure of the tag was maximised to obtain an overall miniature 
prototype for deployment as level sensors within the gully. 
                     
 
(a) Tag 1; (left) antenna model; (right) prototype. 
 
 
(b) Tag 2; (left) antenna model; (right) prototype. 
Figure 3.2: RFID tag antennas; (a) tag 1 without ground plane; (b) tag 2 with ground 
plane. 
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Figure 3.2b shows the design for the S-shaped tag, which has been designed with 
similar approach. It has been formed from two rectangular parallel folded lines. The 
tag design has been printed with a ground plane to avoid coupling with conductive 
surfaces when mounted. This novel tag design consists of a double S-matching 
network, an inner spiral line, and an outer bent line. It operates in the European UHF 
RFID band with centre frequency of 900 MHz and a bandwidth of 3 MHz. The 
optimum dimensions has been obtained from parametric on HFSS; resulting in a 
prototype structure presented in figure 3.2b.  Four parameters were observed to have 
the most effect on the working performance of the tag. These are the p, j and b slot 
sizes. It was also observed that the height of the substrate had an effect on the 
bandwidth performance of both tags; particularly for the S-shaped tag. The substrate 
height was kept at a constant value while the other parameters were incremented in 
step sizes of 0.1 mm.  
 
The geometry specifications of the two tags are presented in table 3.1 and 3.2. Both 
tags was printed using the etching process. Tag 1 was printed on polyethylene 
substrate without ground while tag 2 was printed on epoxy with thickness of 1.6 mm 
and relative permittivity of 4.5 and loss tangent of 0.017 
 
Table 3.1: Geometry specification of the proposed tag 1. 
Parameter Value (mm) Parameter Value (mm) 
A 3.2 F 10.9 
B 18.9 G 0.9 
C            4.8 H 0.7 
D 63.2 I            1.1 
E 18.8 J 2.7 
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Table 3.2: Geometry specification of the proposed tag 2 with ground plane. 
Parameter Value (mm) Parameter Value (mm) 
A 19.4 F 12.9 
B 8.9 G 0.4 
C 0.4 H 14.8 
D 11.5 I 12.9 
E 8.4 J 8.4 
K 17.4 P 3.9 
L 7.9 Q 6.9 
M 12.5 R 4.9 
N 19.9 S 5.9 
O 9.9 T 1.9 
 
The reflection coefficient, gain, and radiation patterns have been observed and 
optimised using HFSS software and the results show satisfactory performance.  
Figure 3.3 shows the measured and simulated reflection coefficient result which is 
the major focus of this tag sensor design. The reflection coefficient over bandwidth 
centred at 867 MHz is approximately between -18 to 35 dBs for both antennas. The 
geometry of the tags were explored and analysed for optimum performance and the 
stable geometries were presented as the optimised result.  
 
The parametric studies have shown that a variation in some of the identified slot 
sizes affect the antenna performance more than the others. The major size alterations 
with optimum impact on the operational efficiency of the tags have been tuned and 
optimised in the final result presented. The gain values were quite satisfactory 
between (-2.1 to -0.5) dBs and (-3.2 to -1.1) dBs respectively for tag 1 and tag 2 
antennas. It should be noted these gain values have quite an impact on the 
performance of these tags when they placed on the gully pot. 
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(a) 
 
Figure 3.3:Refection coefficient |S11| in dB; (a) tag 1, (b) tag 2. 
 
The antenna impedance was then measured and found to be (14.3-j140) Ω which 
closely matches the chip impedance.  The preliminary test was carried to determine 
the detection range of both tags. The tags were mounted with the chip IC, a 
conducting epoxy was used to achieve this both for tag 1 and tag 2 respectively. The 
Alien RFID reader with 6.2 dBs gain was used for the preliminary measurements. 
They were observed to have a maximum detection range of about 0.8 m, which is 
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satisfactory for the application requirement. The total communication distance 
between the tag and reader for effective and consistent detection for application 
deployment is 0.5 m. Figure 3.3 shows the measured versus simulated reflection 
coefficient for both tags. This measured results shows close correlation with the 
simulated results. A second test was carried out to see the operational efficiency of 
the tags in terms of their read range when mounted on surfaces with different 
electrical conducting properties. The first test was with aluminium surface. It was 
observed that tag 2 performed better in terms of sensitivity measurements. The other 
surfaces on which the tags were mounted was ceramic and plastic. The performance 
of the tags were found to be consistent on both materials with tag 1 outperforming 
tag 2 in terms of the read range and orientation sensitivity. The series of performance 
tests carried out was to determine the best suited tags for deployment as level sensors 
in the gully pot. The tests confirmed that both tags can effectively serve as level 
sensors depending on the nature of surface to which they are deployed. 
 
3.4   GULLY POT PRACTICAL SET UP  
 
A workable prototype model for the Figure 3.1 was implemented for test as shown in 
Figure 3.4. The gully pot was fit inside the soil, for two wall thicknesses 18 and 22 
mm. The conductivity and relative permittivity of the soil was repeatedly measured 
over the RFID band centred at 867 MHz for dry and wet conditions, on the range of 
(0.2 – 3) S/m conductivity and (1.2 – 22) relative permittivity. 
 
Tap water was used to fill the gully pot on different stages in which the 
measurements were taken over a wide range of distances and angles; for which the 
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reader was placed between 2 cm and 75 cm distances over 360ᵒ azimuth angle (in 20ᵒ 
steps) and 60ᵒ zenith angle (in steps of 15ᵒ). The Alien RFID reader used for this test 
is circularly-polarized antenna with 6.2 dBs gain. The maximum dimensions of the 
RFID reader was kept at 8 × 8 × 1.9 cm3.                                                             
 
Figure 3.4:Lower level-LL submerged in water. 
 
A graphical reflection of the current status of the 4 tags placed at different levels in 
the gully was presented for all readings considered.  As example from the Figure 3.4 
that the tag AB65 at the LL-Level cannot be read because it has been submerged in 
the rising water level. The radiation efficiency of the RFID tags was totally degraded 
when the water covers them. However, it should be noted that the tags become 
unreadable as soon as the water level rises to touch the tag even midway before they 
are fully submerged.  
 
The linear relationship between the level of water in the gully pot and the 
communication achieved at each level is shown in Figure 3.5. Previous techniques 
for remote liquid level detection has been based on microwave technologies [131-
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132]. It has also been shown from previous study that the intensity of the 
backscattered signal from the tag has a linear relationship with the amount of water 
the tags are submerged in [7,130,133,134]. 
 
Figure 3.5: Sensors status by the reader versus water level 
 
S1-S4 represents each of the tags deployed to sense respective threshold levels. 
When the liquid level is at level LL-level, the tag S1 at that level is submerged in 
liquid and shuts off communication with the reader. At this stage only three tags at 
level M, H and HH can be seen displayed on the screen by the reader. This 
information is interpreted to infer low level information. This sequence is followed 
till all the tags are submerged in water. Consequently at M-level only sensors S3 and 
S4 become visible to the reader and this is interpreted as Mid-level information. The 
number of sensors visible to the reader at each point in time form the basic 
information used to infer the level of the liquid in the gully pot. RFID readers can 
then be deployed to cover a network of gully pots and the information can be routed 
through a central server for collation and referencing. 
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3.5 CONCLUSION 
 
Sewer flooding associated issues both at the consumer and water company 
perspective has posed a lot of problems. The design of the power efficient system for 
gully pot monitoring offers an effective solution to this tremendous challenge. This 
chapter has given a detailed presentation of the practical implementation of a cost 
effective gully pot monitoring system using RFID technology. The theoretical results 
obtained has been in agreement with the practical measurements. The radiation 
behaviour of the sensor tags when submerged in water has been used to calculate, 
interprete and effectively communicate liquid level information. Remote 
independent and effective monitoring of gully pot water levels in real time is 
achieved for data collection and transmission for distant operator station monitoring 
to prevent and effectively reduce sewer flooding. The designed passive tags are low 
cost and easy to deploy. The realised tags has been optimised to operate efficiently 
irrespective of the nature of the surface on which they are mounted. The results 
obtained from the practical experimental set up has enabled the researcher develop 
better understanding on the working elements and the problems associated with the 
deployment of RFID tags as liquid level sensors. The tag designs achieved in this 
chapter has been optimised and creatively deployed to sense liquid level in a gully 
pot. The other areas that can be explored for creative improvement it terms 
additional functionality with the level sensors is presented in the next chapter. 
  
79 
 
CHAPTER 4 
PASSIVE UHF SENSOR TAG DESIGN 
 
4.1 RECTANGULAR  SHAPED  TAG  
 
This chapter presents the design, modelling, optimization and deployment of a 
rectangular and a mirrored P-shaped tag for liquid level detection and control 
application . The behaviour of the tags in proximity of metallic surfaces and water 
had been highlighted from the previous chapter. The two tag designs presented in 
this chapter shows improved performance. Detailed parametric analysis of a simple 
rectangular tag was carried out. This was in order to illustrate the potentials of the 
simple tag for use over a wider range of bandwiths. The geometry attributes with the 
most impact on the behaviour of the tag has been identified and presented. The 
mirrored P-shaped tag shows better performance in terms of the gain values. An 
automatic liquid level indicator and control system is presented. Most liquid 
monitoring systems comes with some mechanism which communicates with other 
complex circuits for control purposes.  The tags serve as the sensors communicating 
with the level indicator circuit which relays information back to the pump control 
circuit. The circuits have not been designed but proposed as a way of extending the 
functions of the liquid monitoring system beyond simple indication of liquid levels.  
 
The tag design set up in HFSS is in the 3D mode where the dimensions are carefully 
specified in the design software selection for any antenna design is very critical to 
the overall output and performance of the tag. HFSS is adopted to give the best 
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modelling for the tag antenna. This gives a complete view of the electromagnetic 
field distributions and radiations, which if unknown before the physical 
implementation of the design can greatly affect the system performance. 
 
4.2  RECTANGULAR TAG DESIGN APPROACH 
A three wire folded dipole for a passive tag working at frequency of 867 MHz is 
proposed. The frequency of operation is specified at 867 MHz (European standard) 
based on the Alien reader ALR 8800 which operates at the frequencies 865-867.6 
MHz The HFSS software is used to design  and model the proposed tag .The realised 
tag performance parameters such as efficiency, directivity, gain, radiation pattern, 
calculated read range and return loss are analysed.  
 
Based on the Alien Higgs 2 standard, the IC input impedance for a passive tag at 867 
MHz is (15 - j140). The tag antenna impedance should therefore be (15 + j140) in 
order to achieve conjugate matching. The proposed tag design is presented in 2D and 
3D views respectively in Figure 4.1. The tag is printed with a thin sheet of copper on 
a dielectric substrate FR4-epoxy (with 𝜖𝑟 = 4.6 and 𝛿∈ = 0.017) and a substrate 
height of 1.6mm. The network analyser is used to obtain physical measurements of 
the reflection coefficient and impedance. The tag structure has no inductive or 
radiating stubs. Figure 4.1 shows the 2D and 3D dimensions of the rectangular tag. 
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(a) 
 
(b) 
Figure 4.1: (a) The rectangular tag 3D view; (b) 2D view  
 G=2 mm, H=1.6 mm,   
L=3 mm, L1= 48 mm, W = 27.7 mm, L2 = 9 mm, 
82 
 
4.3 SIMULATION ANALYSIS OF THE RECTANGULAR TAG 
 
HFSS tool is used to run the simulation; the results obtained from this were then fed 
into the MATLAB software for full analysis of the results. The reflection coefficient 
as obtained on HFSS is as presented in the following figures. Figure 4.2 shows an 
excellent return loss at the selected frequency of operation which is an indication the 
desired reflection coefficient at -42 dB Most RFID tag antennas usually have a 
minimal gain of around 2 dBi and there is not much flexibility around improving this 
gain figure without affecting the omnidirectional property of the tag antenna. 
Consequently, a good tag design focuses on improvement of the reflection 
coefficient which is achieved by proper matching of the antenna to chip impedance. 
 
Figure 4.2: Frequency vs. Return loss of the rectangular shaped antenna when 
L=4mm 
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This is achieved as almost perfectly on the rectangular tag as simulated. Figure 4.3 
shows the impedance plot of the chip and the tag antenna. An almost complete 
conjugate match is achieved. 
 
Figure 4.3: Matched Rectangular tag and chip impedance plot. 
 
Figure. 4.3 depicts the matched antenna and chip input impedances at (15.39 + 
j139.58). The conjugate matching of the input impedances of the both chip and 
antenna is critical to the performance of the tag. This is very important for maximum 
power transfer in order for the RFID tag to backscatter the information held on the 
chip successfully across an acceptable range.  
Figure 4.4 and 4.5 shows the simulated 2-D and 3-D radiation pattern for the 867 
MHz UHF antenna design.  
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Figure 4.4: Normalised far field radiation pattern (a) X-Z plane (b) Y-Z plane 
 
 
Figure 4.5:3D radiation pattern of the rectangular tag 
 
The radiation pattern is Omni-directional as expected. The resistive factor of this 
antenna design is the creation of nulls in the X-Y (horizontal) plane. Maximum 
radiation should be achieved when the tag is read in the X-Z or Y-Z plane i.e. 
perpendicular to the reader antenna. The tag has this functionality to avoid 
orientation sensitivity and thus can be read from all angles irrespective of the reader 
antenna or tag positioning. Table 4.1 shows a summary of the Antenna radiation 
parameters obtained. 
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Table 4.1: Antenna Radiation Parameters 
Tag Input 
Impedance 
(Ω) 
Reflection 
Coefficient 
(dB) 
Antenna Gain 
(dB) 
Directivity of 
Antenna 
(dBi) 
Efficiency of 
Antenna (%) 
15.4  + j140 -42 1.09 1.26 78 
 
 
4.4 PARAMETRIC ANALYSIS OF THE RECTANGULAR TAG 
 
This section presents the results obtained from a full parametric analysis of the 
rectangular tag. Four properties of the tag geometry were observed to have 
tremendous impact on the reflection co-efficient of the tag. These properties are the: 
L, L1, L2 and G widths. The symbols M and N has been used interchangeably for L1, 
and L2 all through the parametric analysis presented. The ‘M’ dimension represents 
L1 as shown in Figure 4.1a, while ‘N’ represents L2. The radiation characteristic of 
the rectangular tag is observed closely during this analysis in a bid to identify which 
particular geometric modification yields the best results in terms of the gain and 
reflection coefficient values.  
 
The width of the L-slot was steadily increased from 1-4 mm while the other slot 
sizes were kept at their nominal values, the plot as shown in figure 4.6 was obtained 
with the best results when L=4 mm, reflection co-efficient as observed to be at -42 
dB and shows very good performance. It was also observed from this analysis that 
increasing ‘L’ step sizes gradually improves the reflection co-efficient at higher 
frequencies which makes it a very important property to use to switch applicability 
of the tag for higher frequency operations making this design very flexible to modify 
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to adapt to various application requirements. Figure 4.7 below shows the effects 
varying the ‘M’ slot size on the reflection co-efficient. 
 
Figure 4.6: Reflection co-efficient vs. Frequency of the rectangular tag for L=1-4mm 
 
Figure 4.7: Reflection co-efficient vs. Frequency of the rectangular tag for  
M=1-5 mm 
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Figure 4.8 :( a) Reflection co-efficient vs. Frequency of the rectangular tag for N=1-
5mm (L=3 mm) 
 
 
Figure 4.8: (b) Reflection co-efficient vs. Frequency of the rectangular tag for N=1-
5mm (L=4 mm). 
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As observed from figure 4.7 the best results for the selected frequency of operation 
(860-868 MHz) is when M=3-4 mm respectively. This shows satisfactory 
performances as the reflection co-efficient is at a maximum of -44 dB when         
M=4 mm. Figure 4.8 shows the impact of varying the ‘N’ slot on the reflection co-
efficient. As observed from this analysis, interestingly the tag shows good 
performance in terms of the reflection co-efficient when the ‘N’ slot width is steadily 
increased, but this is mostly so for frequencies below 860 MHz 
 
This in essence means this interesting behaviour of the tag could be exploited to 
switch the tag’s best operation at frequencies below 860 MHz. This is mostly so 
when ‘L’ is kept at 3 mm. The maximum reflection co-efficient is realised when N=4 
which is -68 dB However the best performance at 860-868 MHz is realised when 
N=3. An interesting twist in the effects of this parameter on the entire tag 
performance is shown in figure 4.8b where L is at 4 mm. The reflection coefficient is 
greater at 845 MHz, which again makes this simple tag design very flexible in tuning 
to cover a wide range of frequencies even outside the allocated RFID band.  
 
The ‘G’ dimension was then explored in step sizes of 0.25 mm and the effects on the 
tag’s radiation characteristics was observed to show very promising results. Figure 
4.9, shows the tag’s operation is best at G = 3.25 mm.  
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Figure 4.9: Reflection co-efficient vs. Frequency of the rectangular tag for G=2.5-3.5 
mm. 
 
 
  Figure 4.10: Reflection co-efficient the optimized rectangular tag (HFSS plots) 
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The optimised design plot shown in Figure 4.10 presents the best results from 
parametrics, particularly on the reflection coefficient which was at -41.7dB, The best 
geometry sizes obtained for L,M and N parts was 4mm,3mm and 3mm respectively 
with the  G parameter kept at 3.5mm. 
 
Figure 4.11: Reflection co-efficient vs. Frequency of the rectangular tag for H = 1.6-
2.0 mm 
 
Figure 4.11 depicts the radiation behaviour of the tag when the substrate height is 
observed in step sizes of 0.1 mm from 1.6 – 2.0 mm. As seen from the results, the 
tags reflection coefficient across the intended frequency of operation remains fairly 
at the same level and so a change in the substrate height applied does not have any 
significant impact on the reflection coefficient of this tag design. The optimised 
prototype design is as shown in figure 4.12. This prototype design has been printed 
on both epoxy and Polyethylene substrates for multi surface mounting. The realised 
tag was mounted on ceramic, metal and plastic and the results obtained showed 
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consistent performance in terms of the reflection coefficient and read range figures 
obtained. 
 
Figure 4.12: Prototype design of the rectangular tag 
 
This optimised design, showed improved and better performance in terms of the 
reflection coefficient as reflected in the parametric report presented. For the intended 
application, an effective read range of 0.5 m (19.68 inches) was required since the 
absolute height of the gully used was 300 mm (11.8 inches). The read range achieved 
with this tag was 0.8 m (31.5 inches) and this was sufficient for the intended 
application. The tags were sealed and made water tight in order to prevent the chip 
IC from permanent damage during physical deployment. Run off test were 
conducted with off the shelf alien tags in characterisation to see the anticipated 
response in comparison to the rectangular tag. Results obtained with the rectangular 
tag showed consistency in information relayed back to the database. 
 
 
 
 
 
92 
 
4.5 TAG SENSOR MODELLING IN HFSS 
 
The rectangular tag design obtained is subjected to application test using HFSS to 
model various environment scenarios to replicate a real life liquid level monitoring 
system. A total of five tags were deployed for this model in HFSS, four of which 
serve as the respective level sensors and the fifth tag as the reader antenna. The 
model set up developed in HFSS is as presented in Figure 4.13. Identical tags with 
similar radiation properties were used as both level sensors and reader antenna. The 
separation distance between the sensors tags were maintained at 1.2 inches, at 
alternate positions across the liquid tank set up. The fifth tag was placed in 
perpendicular position (z-axis) above the sensor tags. This distance was varied and 
the effective results observed. 
 
The measurements consideration for the gully modelling is as shown in Figure 4.13a, 
these size measurements were strictly adhered to for accurate modelling in HFSS to 
replicate a real life scenario. The chip on the tags were rewritable and so level 
information were written to each of the tags deployed to each level using the Alien 
RFID middleware. A replica of such set up was achieved for a liquid tank with inlet 
for liquid control as shown in Figure 4.13b, the tags deployed has been designed for 
mounting on metallic and non-metallic surfaces to minimize the surface coupling 
effects, a set of the tags to be mounted on metallic surface has a ground plane, while 
those for other surfaces do not have the ground plane.  
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(a) 
 
(b) 
 
 
 
 
(c) 
 
Figure 4.13: (a) Practical sensor tag deployment measurements for the mirrored P-
shaped tag, (b) Sensor tag tank deployment for measurement, (c) HFSS sensor tag 
characterisation. 
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4.6 TAG SENSOR SIMULATION RESULTS 
 
The link coupling between the tags is as shown in Figure 4.14. As can be seen, the 
reflection results are consistent across all the levels. This shows optimum 
performance for the intended application of liquid level sensing. The results obtained 
here were at the initial set up stage where liquid was not channelled into the gully 
and so the reflections from all the sensors at the various levels is observed. The 
overall gain and total directivity is as shown in Figures 4.15 and 4.16 respectively. 
 
Figure 4.14: Frequency vs Reflection Coefficient of the HFSS gully set up. 
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Figure 4.15: Overall gain of the RFID liquid level sensor. 
 
 
Figure 4.16: Total directivity of the gully pot HFSS set up. 
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Figure 4.17: Practical gully pot measurement results (a) No liquid, (b) level 1 tag 
submeged, (c) level 2 tag submerged,(d) level 3 tag submerged,(e) level4 tag 
submerged. 
 
The simulation shows projected performance. The environment properties are tested 
in HFSS to reflect an ideal situation. The nature of material of the gully pot is also 
explored  and the effect of this on the radiation characteristic also observed. Figure 
4.17 (a-e) shows consistency with the liquid level information obtained as reflected 
on the screen using the Alien RFID reader software. At stage 1 (reflected in 4.17a) 
,the gully is empty and no liquid is introduced. As we proceed with introduction of 
liquid content to submerge the tag at the lower threshold level in Figure 4.17b it is 
clearly seen that only information from three tag levels is displayed, and this is 
consistent thoughout each of the stages  with effective level information reflected 
respectively.  
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4.7 AUTOMATIC LIQUID LEVEL INDICATION AND CONTROL USING 
PASSIVE UHF RFID TAGS 
 
This section presents a new perspective to the liquid level monitoring and control 
technique by deploying energy efficient passive UHF RFID tags as liquid level 
indication and control sensors. The level signals received from the sensors trigger a 
pump control circuit based on specified liquid level thresholds. The system proposed 
consists of the pump, storage tank, level sensors (passive tags), RFID tag reader, 
pump control circuit, alarm circuit, and an indicator circuit. The tags are sealed (air 
and water tight), programmed with unique level labels using the Alien Reader 
software(860-868 MHZ) and deployed to various levels of a storage tank for level 
monitoring and control. The mirrored P-shaped tag is designed modelled and 
deployed for use as the liquid level sensors. The RFID reader is disguised to form a 
part of the tank cover literarily few inches away from the tags. A variation of the tag 
readings received is used to infer level information which is communicated via the 
reader middleware to a computer database for monitoring. 
 
Liquid level indication and control is enormously useful particularly in places where 
spillage or wastage of a particular sort of liquid poses a lot of danger to human life 
and to the ecosystem. An effective mechanism is needed to monitor and effectively 
control the level of liquid pumped through and into any surface or underground 
storage tank. In any liquid monitoring technique, the intended threshold levels are set 
to be monitored and controlled. In this work, five levels are marked for indication in 
the tank, these are: (UL-ultra Low), (L-Low) (M-Mid), (H-High), and (UH-Ultra 
high). The lower and upper level limits are set as the threshold levels which triggers 
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a pump control circuit and the alarm circuit. Level sensing information from the tags 
are fed directly to the level indicator circuit, the threshold level information triggers 
the pump control circuit to engage the liquid pump to commence pumping or to 
terminate pumping.  
 
A safety mechanism is built into the circuit to escalate pump circuitry malfunction, 
this sends panic information to the alarm circuit if the pump fails to function when 
needed. When these threshold levels are exceeded, a set of feedback systems 
escalates this unusual activity which then triggers a range of other event driven 
control systems to automatically curtail the situation by taking prompt and 
appropriate action. Energy efficiency and improved accuracy in liquid level 
measurement has led to a tremendous reduction in chemical-process variability, 
resulting in higher product quality, reduced cost, and less waste. Newer level 
measurement technologies have helped in meeting requirements for accuracy 
reliability and electronic reporting. 
 
Previous approaches both manual and automated methods applied to liquid level 
measurement have always had limitations [135-144]. Various liquid level monitoring 
techniques are explored extensively in literature [49] [145-148]. When more 
complex principles are involved computers and emerging sensor technologies are 
deployed to crunch the calculations. The transducer output signal formats for 
automation are current loops, analogue voltages and digital signals. The analogue 
signals are simple to deal with, but often comes with serious noise and interference 
issues. The more advanced measurement technologies (e.g., ultrasonic, radar and 
laser) require digital computer intelligence to format the codes. Combining this 
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requirement with the need for advanced communication capabilities and digital 
calibration schemes explains the trend toward embedding microprocessor-based 
computer in virtually all level measurement products. New wireless capabilities 
enabling signals to be sent over tremendous distances with virtually no degradation 
is explored with passive RFID tags deployed for level sensing.  
 
Power efficient passive UHF RFID tags are deployed because of their flexibility in 
deployment, simplicity, cost effectiveness, user friendliness and less complexity as 
compared to other systems which have been previously deployed [148-156]. The 
block diagram of the proposed system is as shown in Figure 4.18. 
 
Figure 4.18: Block diagram of proposed automatic liquid level indicator and 
controller. 
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The liquid level indicator is a simple circuit which indicates on a display panel or 
computer screen as each successive level is submerged in liquid. This circuits 
receives information from the level sensors and feeds this back mainly for indication 
purposes. The level sensors send this information to the RFID reader which then 
displays the information on a graphical screen. The operation of the sensor tags in 
terms of radiation characteristics when immersed in different liquids (water, petrol, 
and transmission oil) of varying viscosity and conductivity is investigated. The 
behaviour of the sensor tags in terms of the effects on mutual coupling when 
mounted on storage tanks with different electrical properties (metal, plastic, and 
ceramic) is also observed and analysed to show consistent performance and has met 
application requirement. Two identical tags are assigned to each level for 
measurement, one of the tags will serve as a backup sensor; this is to allow smooth 
operation of the system, especially in a situation where any of main level sensors 
fail.  
 
The liquid level sensors are the realised tags that are deployed to sense the respective 
levels, as soon as each level is sensed, the liquid level indicator displays the level 
sensed on the appropriate screen, the pump control circuit performs the central 
control operation based on information gathered from the level sensors. The basic 
two states proposed is ‘start pump’ and ‘off pump’. These two states are triggered by 
the level information embedded on the sensors at two threshold levels. In the ‘start 
pump’ state the level sensors at the low level threshold sends information to the 
pump control circuit when critical liquid level is sensed in order for the pump to 
commence pumping activity to the desired destination. The same process is followed 
to stop pumping action once the high threshold level is reached. The pump control 
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circuit failure alarm escalates unusual activity, especially when the set threshold 
levels are reached and no appropriate action is triggered by the pump control circuit. 
 
4.8 RFID MIRRORED P-SHAPED TAG DESIGN 
 
The design and modelling of a mirrored P-shaped tag is presented in this section. 
The tag geometry is optimised to achieve better bandwidth performance compared to 
the rectangular tag. This makes the tag more suitable for mounting on multiple 
surfaces as coupling with nearby objects will affect the reflection coefficient. The 3-
D and 2-D view of the proposed tag is as presented in Figure 4.19. 
 
                                                                     (a)    
 
    (b) 
Figure 4.19: Geometry specification of the Mirrored P-shape tag 
(a) 3-D view (b) 2-D view 
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Therefore, this tag has been designed to cover a slightly wider bandwidth.  The tag is 
printed with a thin sheet of copper on a dielectric substrate FR4-epoxy (with 𝜖𝑟 =
4.6 and 𝛿∈ = 0.017) and a substrate height of 1.6mm. The ideal structure is printed 
on a single layer substrate with ground plane. 
 
Table 4.2 presents the dimension description of the geometry realised. A 43.5mm by 
45mm in dimension is realised. This has been printed on epoxy with the ground 
plane for mounting on metallic surfaces.  
Table 4.2: Design parameters of the Mirrored P-shaped tag 
 
This design delivers better bandwidth performance and has shown consistent 
reflection coefficient result. The geometry comprises of two mirrored symmetrical 
‘P’ conducting sheet with a rectangular inset between them. The gap on this 
rectangular strip is where the chip is mounted. The dimensions of the antenna is 
commensurate to the intended resonant frequency. The feed point has been generated 
with (15 - j140)   normalised at 50 . This feed point is usually where the IC chip 
is mounted. Various excitation types and position has been explored in a bid to 
observe the effects on the radiation behaviour of the tag.  A consistent separation gap 
between the sensor tags were maintained during deployment in order to avoid tag 
jamming during measurements.  
a 43.5mm f 7.5mm 
b 45mm g 12mm 
c 5mm h 24mm 
d 24mm i 1.5mm 
e 4.5mm j 2mm 
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4.9 DESIGN SOLUTION OF THE MIRRORED P-SHAPED TAG 
 
The simulation was set in HFSS. The dimensions were specified and boundaries of 
the various element of the design was stipulated. The radiation characteristics of the 
tag as observed, is as presented in this simulation results 
 
 
Figure 4.20: 3D radiation pattern of the Mirrored P-shaped tag 
 
This shows a doughnut shape pattern which is desirable for the intended application 
(liquid sensors) for which this tag is to be deployed as this radiation pattern makes is 
less orientationally sensitive. The simulated gain obtained is -1dB. The chip 
impedance has been properly matched with the antenna impedance. Figure 4.21 
presents the normalised far- field radiation pattern of the normalised tag antenna in 
the vertical and horizontal planes. This is very significant and fundamental to the 
performance of the tag antenna in terms of sensitivity to the reader antenna fields. 
The read/write range is also affected by the exact type of polarisation set for the tag 
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antenna. The results obtained from simulation shows promising performance for the 
proposed tag. 
 
                                                           (a) 
          
                                                              (b) 
Figure 4.21: Normalised far field radiation patterns; (a) x-z plane and (b) y-z plane, 
for the mirrored P-shaped tag. 
 
The reflection coefficient obtained was from -23 to -25.8 dB which shows a good 
return loss for the proposed tag as presented in Figure 4.22 
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Figure 4.22: Reflection coefficient of the Mirrored P-shaped tag 
 
 
Figure 4.23: prototype design of the mirrored P-shaped tag 
 
The realised tag is mounted with the Alien chip that can be read or write enabled. 
The tag antenna is highly inductive and less resistive. This is important to ensure 
maximum power transfer. For maximum power transfer, the source impedance 
should match the load impedance. The tag is sealed and made water tight and 
deployed to the intended levels for sensing and level indication. 
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The liquid tank is of plastic material with thickness of 15 mm. Tap water was used to 
fill the liquid tank to achieve different levels stipulated within the tank measurements 
were taken at each stage over a wide range of distances and angles; for which the 
reader was placed between 2 cm and 75 cm distances over 360ᵒ azimuth angle (in 20ᵒ 
steps) and 60ᵒ zenith angle (in 15ᵒ steps). The RFID reader used for this test is 
circularly-polarized antenna with 6.2 dBs gain. The maximum dimensions of the 
RFID reader was kept at 8 × 8 × 1.9 cm3.  A graphical reflection of the current status 
of the 4 tags placed at different levels in the tank was presented for all readings 
considered.  
 
The Alien RFID reader has been used for this practical application. The signals 
received from the liquid sensors are processed and displayed on a computer screen or 
a display panel for monitoring and referencing. The RFID reader is mounted as part 
of the liquid tank cover to achieve a compact design. The signals received from the 
sensors at the UL- level and UH-Levels are fed into the pump control circuit to take 
the necessary action of initiating liquid pump or turning off the liquid pumping 
activity. The sensors at the other levels are merely for level indication purpose and 
are fed into the level indicator circuit which can be displayed on a graphical 
computer screen interface. It was observed that the tags submerged in liquid became 
immediately readable when the liquid level fell below them. This was observed for 
the following liquids (water, waste water, diesel and petrol) and the results were 
consistent as depicted earlier in figure 4.14. 
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 4.10 CONCLUSION 
 
The rectangular tag antenna for this design is shown to exhibit an efficiency of 78%; 
the measured read range obtained was 50.5 cm. The tag antenna and chip IC 
impedances have been successfully matched at (15.39 + j139.58) Ω. The reflection 
coefficient of -43 dB is obtained which shows a good performance for the intended 
application. The parametric study carried out shows the most influential part of the 
geometry which affects the radiation properties. This also explored the suitability of 
the design for multiple frequencies. Optimisation of the tag parameters was 
effectively carried out on HFSS with the prototype of the optimised result presented.  
The parametric analysis has shown that increasing ‘L’ and ‘N’ step sizes gradually 
improves the reflection co-efficient at higher frequencies and lower frequencies 
respectively which makes it a very important property to use to switch applicability 
of the tag for various frequency operations; making this design very flexible to 
modify to adapt to various application requirements. 
 
The HFSS simulation set was for observance of the performance within the (860-
868) MHz operation. The geometry realised has been a result of several 
modifications in order to obtain a stable radiation characteristic. The best 
performance of tags obtained from repeated simulation and analysis has been 
obtained and presented. The tag was printed on epoxy (FR4) and polyethylene and 
the other with metallic ground to see the effect this would have when the tag is close 
to metallic surfaces and water. The tags deployed as level sensors were sealed and 
made water tight to prevent permanent damage to the tag IC. The reader distance 
from the sensors were varied and the maximum detection range observed. The 
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performance of the entire system as simulated in HFSS yielded satisfactory results in 
terms of the reflection coefficient. Remote, independent and effective monitoring of 
liquid levels in real time is achieved for data collection and transmission for distant 
operator station monitoring to prevent and effectively reduce flooding. 
 
The importance of liquid level monitoring in both domestic and commercial sectors 
cannot be overemphasised. Previous approaches has paved way for a cheaper robust, 
compact, efficient and cost effective technologies as shown with the deployment of 
passive RFID tags in this piece of work. The tag has been modelled with the HFSS 
software and deployed for use as liquid sensors. These sensors do not contaminate 
the liquid medium in any way as they are sealed with a non-reacting casing based on 
the medium to which they are deployed. The radiation characteristics of the proposed 
tag meets the application demands.  
 
The design presented here is highly efficient for adoption as a novel system for 
liquid monitoring. The tag behaviour varies based on the type of surface they are 
mounted. The variation of the signals received from the liquid sensors happens close 
to real-time. The concept proposed here clearly shows how flexible RFID tags are in 
terms of deployment to any existing system. The RFID reader mountable on the tank 
cover is most convenient for this type of application, the reader antenna was 
protected from direct contact with liquid. For a more compact and robust set up, a 
wireless reader with terrestrial communication capabilities will be best suited for this 
type of application majorly for remote global monitoring of liquid infrastructure. 
This has instigated the design and development of a dual band antenna for terrestrial 
communications from the manhole chamber presented in the next chapter.  
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CHAPTER 5 
CHARACTERISATION OF A MANHOLE 
CHAMBER READER ANTENNA 
 
 
5.1 DESIGN AND ANALYSIS OF A U-SHAPED IN-MANHOLE CHAMBER 
ANTENNA FOR UNDERGROUND COMMUNICATION SYSTEMS  
 
This chapter presents an in-manhole chamber antenna for an underground mobile 
communications system. The design presented here is to serve as an RFID reader 
antenna;in order to extend the communication capabilities of the liquid monitoring 
system with terrestial networks. For this reason it has been designed to operate over 
the GSM850/900 and GSM1800/1900 and UMTS bands. The proposed antenna is a 
3-dimensional folded loop antenna and has an envelope size of 47 × 43.5 × 60.5 mm, 
which is small enough to fit inside a manhole chamber. The performance of the 
antenna in terms of return loss, radiation patterns and gain was simulated and 
measured in both free space and in a real manhole chamber. To validate the 
simulated results, an experimental test bed was created to determine the antenna 
stability in terms of its achieved levels of return loss and received signal strength in 
different positions below the access cover of manhole chamber. Both numerical and 
experimental results suggested the best position of the antenna inside the manhole 
for the best received signal strength and confirmed that this antenna has adequate 
characteristics for incorporation in a mobile-band transceiver designed to 
communicate with mobile base stations from underground. 
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The lower operating mode is excited by the full length of the folded loop, while the 
higher resonant mode is generated by the inverted L-shaped part of the loop. Figure 
5.1 a-c shows the geometry of the proposed antenna which is constructed as a folded 
planar loop.  
 
  
(a) (b) 
 
(c ) 
Figure 5.1:Geometry of the proposed U-shaped antenna. (a) Top view, (b) Side view, 
(c) Auxiliary view 
 
The proposed antenna is designed to operate underneath the metal cover of the 
manhole chamber and it serves as the antenna for a data concentrator in a UWSN 
system to communicate with an existing long range above-ground mobile 
communication base station. Allowing for realistic constraints on acceptable size for 
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incorporation in a manhole chamber, the antenna dimensions and structure were 
chosen based on previous experience [49]. All the geometric parameters were then 
optimized through parametric studies. To enable its dual-band operating 
characteristic, a suspended rectangular feeding plate [159] with an optimized feed 
gap of 3 mm is used to excite this antenna assembly. As shown in Figure 5.1, the 
optimized dimensions of the antenna are 60.5 × 43.5 × 47 mm, equivalent to 
electrical dimensions of 0.18o× 0.13o× 0.14o, where o is defined at the center 
frequency of the lower operating band, taken as 900 MHz. It is larger than a 
conventional mobile antenna, which is, however, acceptable in this application. For 
better performance and ease of integration within a manhole chamber, the antenna is 
designed to operate externally to a wireless transceiver and is mounted on the center 
of a 130 x 130 mm finite ground plane. 
 
The basic operational principle of this antenna can be explained by separating the 
four differently sized rectangular metal plates which form the antenna assembly. 
This will aid understanding of the contribution of each metal plate to the antenna in 
term of matching and impedance bandwidth over the desired operating frequency 
bands, i.e. the lower band (824-960 MHz) and upper band (1710 – 2170 MHz).      
Figure 5.1 shows the detailed design evolution of the structure from a planar 
monopole to a folded loop planar antenna, i.e. Stage 1 to 4, while Figures.5.2 and 5.3 
show the performance of the respective antenna geometries, in terms of return loss 
and input impedance. 
 
 As can be seen in Figure 5.2, this analysis divides into four stages and the whole 
structure is centered on the ground plane (not shown in Figure 5.2). It begins by 
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considering a 44 × 32.5 mm rectangular metal plate fed by an off-centre probe with a 
feed gap of 3 mm. This section constitutes a traditional planar monopole, depicted as 
Stage 1 of Figure 5.2.  In this stage, the length of 44 mm, which corresponds to about 
0.25λ, was selected to ensure that the antenna operates at the required centre 
operating frequency (COF) of the higher band, 1.9 GHz. 
 
 
 
Figure 5.2: Simulated and measured return losses of the proposed antenna 
 
 By optimizing the width and the feed gap of the structure, acceptable impedance 
matching (better than 8 dB) in the higher operating band was achieved, as shown in 
Figure 5.3. Examining the relevant impedance plot in Figure 5.3b, it exhibits a 
typical monopole impedance response with a parallel resonance occurring at around 
1.9 GHz. 
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(a) 
 
(b) 
Figure 5.3: Simulated input impedance of proposed u-shaped antenna in the design 
evolution process from stages 1-3 (a) Real input impedance (b) Imaginary input 
impedance  
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To improve the impedance matching in the upper operating band without extending 
the height of the monopole component,  the next course of action is to top-load the 
monopole with a 43.5 × 60.5 mm rectangular capacitive plate to construct an 
inverted L-shaped antenna structure, as shown in Stage 2, of  Figure 5.2. The return 
loss plot shows a small improvement over the higher operating band, due to the top-
loading effect, which shifts the parallel resonance down from 1.9 GHz to 1.35 GHz 
with associated resistances of 70 Ω and 200 Ω. This results in a small variation of the 
resistance, i.e. 30 to 58 Ω and changes the inductive reactance to capacitive in the 
higher operating band, as illustrated in Figure 5.3.  
 
To further enhance the impedance matching in the higher operating band, a metal 
plate with dimensions of 38 × 46 mm is added at the edge of the top plate and 
parallel to the feeding plate: this is shown as Stage 3 in Figure 5.2. With this 
modification, this antenna partially resembles a loop antenna with an impedance 
bandwidth further improved to cover 1710 to 2170 MHz for a return loss better than 
-10 dB, as plotted in Figure 5.3. Examining the input impedance of this antenna, it is 
evident that this parallel plate further lowers the parallel resonance to 1000 MHz, 
with an increased impedance of 430 Ω, and results in good matching characteristics, 
i.e. resistance and reactance vary between 35 to 50 and -20 to 0 Ω, respectively. 
Finally, to achieve good matching at the lower operating frequency band, i.e. 824 to 
960 MHz, this antenna is further modified by partially shorting the parallel plate to 
the ground plane using a 9 × 3 mm metal plate, as shown in Stage 4, Figure 5.2. 
After this step, the impedance response shows that the parallel resonance frequency 
of the antenna remains, but the impedance reduces from 430 Ω to 140 Ω, as plotted 
in Figure 5.3a. It was found, interestingly, that this change increases the resistance of 
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the antenna without altering reactance variation in the lower operating band, in 
comparison with the earlier form. Because of this, the whole antenna exhibits good 
impedance matching over the desired lower operating band. The simulated and 
measured results show excellent agreement as can be observed from Figure 5.3, two 
adjacent resonant frequencies in the range of return loss better than 10 dB occur at 
900 MHz and 1900 MHz. The lower and upper modes offer 15.24% and 23.71% 
relative bandwidth from 824 to 960 MHz and 1710 to 2170 MHz, at a return loss of 
10 dB or more. This is completely satisfactory for the desired GSM850, GSM900, 
GSM1800, GSM1900 and UMTS bands for mobile communication. In order to have 
more insight into the contributions of the individual parts of this antenna, vector 
plots of the surface current distributions at the center frequencies of the two required 
bands, i.e. 900MHz and 1900MHz, can be studied in Figure 5.4. 
 
 
 
(a) 900 MHz (b) 1900 MHz 
 
Figure 5.4: Current distributions of the proposed U-shaped antenna (a) Current 
distribution at 900 MHz and (b) current distribution at 1900 MHz 
 
At 900 MHz, the total length of the continuous current path is 156 mm or about 
0.47λ. As can be noted in Figure 5.4(a), the current flows from the feeding plate to 
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part of the top plate, then to the parallel and shorting plates, and finally to part of the 
ground plane to excite this mode. Therefore, the major dimensions of the geometry, 
including the height of the antenna, coupling distance between the feeding plate and 
parallel plate, and the width of the shorting plate, can be used to manipulate the 
lower operating mode. At 1900 MHz, the current path can be found from the feeding 
plate to the part of the top plate which connects the parallel and shorting plates with 
the feeding plate. This current path forms an inverted-L structure, as shown in Figure 
5.4(b). 
 
 The length of this path is about 87.5 mm, corresponding to about 0.5 λ at this 
frequency.  Figure 5.5 shows the physical prototype of the antenna which was 
fabricated from 0.5 mm thick copper plate It appears that the geometric parameters 
controlling the lower band also determine the higher band, except for the shorting 
plate which seems to have little influence at the higher frequency. 
 
 
Figure 5.5: Prototype of the proposed U-shaped antenna 
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 Figure 5.11 shows the physical prototype of the antenna which was fabricated from 
0.5 mm thick copper plate. To verify the computed performance in terms of 
impedance bandwidth, the return loss of the prototype was measured using a 
HP8510C vector network analyzer. Figure 5.6 illustrates the simulated and measured 
peak gain and radiation efficiency of the designed antenna over the frequency ranges 
824 to 960 MHz and 1710 MHz to 2170 MHz respectively. 
 
 
Figure 5.6: Simulated and measured radiation efficiency and gain of the U-shaped 
antenna. 
 
In the lower band, a stable measured gain can be observed from 1 to 1.9 dBi, with 
0.9 dBi gain variations. For the upper band, the measured gain ranges from about 4.2 
to 5.8 dBi with corresponding 1.6 dBi gain variations. The computed and 
experimental gain results are essentially indistinguishable. In the lower frequency 
band, the simulated and measured radiation efficiencies vary from 80% to 88% and 
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76% to 85% respectively, corresponding to averages of 84% and 80.5% over the 
operating frequency range. At the upper frequency band, radiation efficiencies of 
88.5% and 86% are achieved with ±13% and ±8% fluctuations for the computed and 
measured results respectively. 
 
The far field radiation patterns of the prototype antenna were measured in a 6.75 × 
4.5 × 3 m3 anechoic chamber and the results are presented in Figure 5.7. In the far 
field measurement setup, a calibrated broadband horn (EMCO type 3115) was used 
as the reference antenna and held at a spacing of 4 m from the antenna under test 
(AUT). 
An elevation-over-azimuth positioner was used, with the elevation axis coincident 
with the polar axis (θ = 0°) in the AUT coordinate system The azimuth drive 
generates cuts at constant ϕ.   The elevation positioner was rotated over θ ∈ [-180°, 
180°] in 5° increments.  
 
The prototype’s radiation patterns were measured at the six frequencies representing 
the lower and upper operating bands, i.e. 825 MHz, 900 MHz, 960 MHz, 1750 MHz, 
1950 MHz and 2150 MHz, and the corresponding results, cross-validated with the 
simulation data, are plotted in Figure 5.7 
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Figure 5.7: Simulated and measured normalized radiation patterns of the proposed 
antenna. 
. In the measurement, two pattern cuts (H-plane and E-plane) were recorded at these 
selected operating frequencies covering the whole of the designated bandwidth in 
this study. The total power for both polarizations, i.e. vertical and horizontal 
components, of the antenna patterns was used.  As illustrated in Figure 5.7, the 
radiation patterns are stable, consistent and nearly omnidirectional at all of the 
targeted operating bands. 
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5.2 ANTENNA IN MANHOLE CHAMBER - DESIGN AND ANALYSIS 
 
In this section, the coupling effects of this antenna with the manhole chamber model 
will be investigated. Thus, a realistic manhole simulation model similar to that in 
[77-79] has been implemented and configured as shown in Figure 5.8. As can be 
seen, it consists of asphalt, a metal cover, concrete, PVC sewer pipes, a neck and 
chamber.  
 
The manhole cover and its pedestal are constructed of cast iron with dimensions of 
approximately 0.75 x 0.6 x 0.1 m and they are buried in the asphalt layer (εr = 3.15, σ 
= 0.026) of the ground with dimensions of approximately 1.7 x 1.7 x 0.1 m. The 
neck and the chamber of the manhole are hollow cuboids surrounded by walls 
constructed of approximately 0.55 m and 0.3 m thicknesses of concrete (εr = 7, σ = 
0.12), respectively. The corresponding dimensions of the neck and chamber are 0.6 x 
0.6 x 0.5 m and 1.1 x 1.1 x 1.1 m. At 1.2 m below the asphalt layer, two orthogonal 
0.425 m diameter PVC rectangular blocks (εr = 2.1, σ = 0.0) were modeled to mimic 
the drain pipes. The overall envelope size of the model is around 1.7 x 1.7 x 6.8 m 
including the height of the air region above ground, which is 5.0 m. To ensure 
affordable computational time, this model was truncated by Perfectly Matched Layer 
(PML) absorbing boundary conditions.  
 
A preliminary analysis was carried out by investigating four orientations (0°, 90°, 
180°, 270°) of the antenna, considering it to be placed at various heights (in the -z 
direction) and various positions in the x and y directions below ground, as shown in 
Figure 5.8. 
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                                 (a) Auxillary view                                           (b) Side view 
Figure 5.8 : Antenna in manhole chamber model (Unit: meters) 
 
To better understand the importance of the antenna’s position when it is fitted in the 
manhole, electric field intensity plots of the model at 900 MHz and 1900 MHz are 
shown in figures 5.9 and 5.10 respectively. These figures show the interface plane 
(xy-plane) between the open air and the manhole model. This provides a good 
indication of how much electric field can penetrate through the manhole.  
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   ( a)  AUT at centre of manhole cover 
 
   
    (b)  AUT at a position between the centre and the edge of 
the manhole cover  
 
   
(c) AUT at the edge of the manhole cover  
 
Figure 5.9: Total Electric Field over the surface of the manhole chamber at various 
position of the antenna under test (AUT) at 900 MHz.Left column: 50 cm depth, 
Middle column: 120 cm depth, Right column: 240 cm depth. 
 
Small square represents the location of the antenna.It should be noted that the 0° and 
180° orientations are where the feeding plate of the antenna is nearest to and farthest 
from the edge, respectively. Interestingly it was found that the antenna provides 
better electric field penetration to the surface of the ground at 0° orientation than for 
the other orientations. For the sake of brevity, other cases will not be shown here, 
and 0° orientation will be kept as a fixed parameter in the study. As can be observed 
in Figures 5.9  and 5.10, three antenna heights (from left to right), i.e. 50 cm, 120 cm 
and 240 cm, and three positions along the y-axis, i.e. (a) center, (b) between center 
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and edge, and (c) edge, were selected to cover possible scenarios for this 
investigation.  
 
Examining the total electric field plots at 900 MHz, as in Figure 5.9, the fields are 
gradually attenuated when the depth of the antenna is increased from 50 cm to 240 
cm, for all of the positions, i.e. Figures 5.9 (a) to 5.9 (c). When the antenna is placed 
underneath the center of the manhole cover, the fields exhibit nearly even 
distribution over the surface of the model, as shown in Figure 5.9 (a). This 
demonstrates that the power distribution in the center of the chamber is more 
favourable than close to any of the four walls. However, mounting the antenna 
centrally may obstruct the operator access to the manhole for any planned 
maintenance. Due to this, the antenna is generally mounted near the wall even 
though this incurs some additional power loss from a radio-propagation perspective. 
By moving the antenna between the edge and the center positions, reduced field 
strengths can be seen at three depth positions when they are compared to the center 
position. Further moving the antenna to the wall of the chamber and at 50 cm depth, 
the maximum field strength occurs near to the edge of the metal cover.  
 
 Figure 5.10 shows the total electric field distribution at 1900 MHz of the antenna 
and manhole model. In general, it is noticeable that the field intensity is also 
progressively reduced as the depth is increased, in agreement with the field 
distribution at 900 MHz. However, in contrast to the 900 MHz field plots, when the 
antenna is located in the center of the cover, the field intensity is lower than when it 
is placed at or near the edge of the cover. These results suggest that the antenna 
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should be placed near the edge of the cover or near the wall of the chamber for best 
performance in the upper operating frequency band.  
  
   
(a) AUT at centre of the manhole cover 
   
 (b) AUT at position between the center 
and the edge of the manhole cover 
   
(c) AUT at the edge of the manhole cover 
 
Figure 5.10: Total Electric Field over the surface of the manhole chamber for various 
positions of the (AUT) at 1900 MHz.  
 
Left column: 50 cm depth, Middle column: 120 cm depth, Right column: 240 cm 
depth. Small square represents the location of the antenna. To understand the 
coupling properties of this antenna when it is installed in the manhole, the S-
parameters of the antenna, including return loss and transmission coefficient, have 
been studied. Return loss here indicates whether the antenna operates in the desired 
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operating bands without being detuned, particularly when it is next to the metal 
cover,while the transmission coefficient measures the strength of the electromagnetic 
wave coupled through from the ground to air. To enable the transmission coefficient 
to be calculated in the model, eight broadband ridged pyramidal horn antennas were 
added to the model, as depicted in Figure 5.11. This will ensure that an average 
transmission coefficient can be obtained. The complete structures of the horns were 
included in the model. It should be noted that two geometric parameters, i.e. D (horn 
distance from the center of the manhole model) and H (height above from the 
manhole), were used in this study, where D was set to 2 m and H to 1.85 m. This 
ensures that the measurement was conducted within the far-field region. 
 
 
 
 
(a)  Top view                                                 (b) Side view 
Figure 5.11: Manhole chamber model surrounded by eight ridged pyramidal horn 
antenna locations, where D is 2 m and H is 1.85 m. 
 
In order to verify the simulated variations of the return loss of the antenna under test 
(AUT), and assess the transmission coefficient, an in-situ measurement was also set 
up in a manhole chamber, as illustrated in Figure 5.12. 
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Figure 5.12:  On-site practical measurement set up 
 
 The experimental equipment consisted of a reference horn antenna, positioned at 
height H=1.85m, Vector Network Analyser (model: Agilent 8720C), and a data 
acquisition unit (Panasonic Toughbook Tablet, Model: CF-U1). Transmission 
measurements were taken with the horn antenna at a constant distance of 2 m from 
the centre of the manhole cover. The horn and all measuring equipment were moved 
on a trolley between the eight positions surrounding the manhole metal cover, for 
recording the transmission coefficient. For all the measurements, the AUT was 
mounted on a height-adjustable L-shaped support structure. For the transmission 
coefficient measurement, the AUT acted as a transmitter, while the horn antenna 
played the role of a receiver. The two antennas were operating in a non-line of sight 
(NLOS) communication condition, but pointing towards each other. All the 
measured data were recorded five times and then further processed in MATLAB for 
a better interpretation of the measured data sets. Since mobile base stations are 
operated with vertical polarization, the antenna in vertical polarization orientation 
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was the primary target for this measurement, however, the two polarizations were 
considered in the measurements. Figure 5.13 shows the simulated and measured 
return losses and transmission coefficients of the antenna in the manhole chamber. It 
is noticeable that the antenna preserves good impedance matching (better than 10 
dB) over the desired frequency bands, as plotted in Figure 5.13 (a). The computed 
and experimental results are in excellent agreement. 
 
(a)  
 
                                                               (b)  
Figure 5.13: S-parameters between the horn antenna and the antenna under test 
(AUT) at different depths in the manhole chamber. (a) Return loss; (b) Transmission 
coefficient 
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Figure 5.13 (b) is the simulated coupling level when all material obstructions, 
including the chamber walls, the asphalt and the manhole cover, are removed. This is 
the meaning of the free space curves in the plot. As noted, in practical conditions 
there is no clear line of sight between the antennas, and the direct ray path traverses 
the asphalt and the chamber walls. The average loss of signal due to non-LOS 
conditions is around 10 to 15 dB in the lower band and 8 to 13 dB in the higher band. 
 
For practical reasons, depths of  5, 15 and 25 cm. had to be used in these tests. For 
the transmission coefficient at a depth of 5 cm, the measured results show around       
-52.5 dB to -55 dB at the lower operating band, while at the higher band -56 to -61 
dB is observed. Further increasing the depth to 15 cm, the results are further reduced 
by  -2 dB to reach the range of -54.5 dB to -56.5 dB at the lower band and around -
58 to -59 dB at the higher band. When the depth reaches 25 cm, the results drop by 
another 1.5 to 3 dB in the lower band and 2 to 3 dB in the higher band. This has 
resulted in a range of -57.5 to -58 and -60 to -62 dB over the lower and upper band 
respectively.  Slight discrepancies between both simulated and measured results can 
be attributed to uncertainties in the electrical properties of the materials used in the 
simulation model, and the simplifications in the simulated structure. Some variation 
with the weather conditions would also be expected due to their effect on the water 
content of materials and on the water level in the gully.  
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 5.3  CONCLUSION  
 
A dual-band folded planar loop antenna for a partiall-underground utility sensing 
application has been presented and examined theoretically and experimentally. By 
combining impedance matching techniques, including off-centre rectangular plate 
feeding, top-loading and a shorting strip, the required dual-band impedance 
bandwidths, i.e. 824 to 960 MHz, and 1710 to 2170 MHz, have been achieved. To 
confirm the suitability of this antenna to operate inside a typical utility manhole 
chamber, a manhole-and-antenna model has been simulated and tested 
experimentally. The results show that the antenna prototype exhibits sufficient 
impedance bandwidth, suitable radiation characteristics, and adequate gains for the 
required underground wireless sensor applications. The reduction of signal strength 
due to N-LOS transmission is small enough to permit a viable communications 
system. The dual frequency band of operation makes the antenna very significant for 
use as an RFID reader. This is in order to extend the communication capabilities of 
of the liquid level monitoring system presented in chapters 3 and 4. The challenges 
faced during the practical set up has shed light to more areas of improvement of this 
design. The LSQHA presented in the next chapter represents an improvement in 
terms of the  directivity of the reader antenna. The GA optimisation tool has been 
employed to achieve novel geometry for the LSQHA intended to be adopted as a 
highly directive reader antenna for future applications requiring longer range 
detection of tags for multiple applications.  
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CHAPTER 6 
 
DESIGN AND ANALYSIS OF ANTENNAS WITH THE 
GENETIC ALGORITHM COMPUTATIONAL TOOL 
6.1 ANTENNA DESIGN USING GENETIC ALGORITHM 
This chapter presents the design and modelling of a LSQHA. The results obtained in 
this new reader antenna design shows improved performance (in terms of gain and  
directivity) and recommended for applications requiring a longer range detection of 
tags for multiple applications.  The results from simulation shows very promising 
performance. Genetic Algorithm (GA) is a computational tool for modelling various 
antenna structures. The search and design procedure in GA is hinged on the theory of 
genetics, evolution and natural selection. This makes GA very effective in fast 
convergence to optimum design in optimisation. It was first introduced in the 1960’s 
by J. Holland, and has evolved into a powerful optimisation and search tool [160]. 
Before the GA era, similar ideas was generated but applied mainly in games for 
entertainment and majorly for pattern recognition. GA has gained popularity over 
time as an important tool for design optimisation and control applications. This 
evolutionary computation method is not only effective in design optimisation but 
also in the creation of highly effective new antenna types with high flexibility in 
design process. It has made the design of antennas easier with increasing efficiency 
and less time spent on producing optimal design results. This is because in GA the 
desired design specification or expectations in terms of radiation characteristics is 
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pre-specified and then the computational analysis within the GA algorithm specifies 
the exact parameters to guarantee the specified performance metrics. 
 
 
This makes design delivery faster and straightforward as compared to other soft 
wares where the geometry parameters needs to be repeatedly altered during 
optimisation or parametric analysis in order to obtain the optimum result.  
GAs as adopted and applied by many researches is documented in [161-180]. GAs 
has created a niche as very effective computational tool for the generation and 
analysis of antennas of various types and kinds. GA’s are particularly helpful for the 
following reasons: 
 
 Since search spaces are highly multimodal and resistant to other forms of hands- 
on and numerical optimisation, 
 Generally antenna principles based on the equations of Maxwell’s are quite 
complicated and hard to fully grasp and apply. 
 GA is naturally robust in optimisation and do not require any sort of initial 
guesswork to converge to exact design specifications, the amount of design 
information the engineer must supply to get a good result is minimal, this 
becomes very vital especially when there is a specified time frame for delivery 
of design specification. 
 
GA has the ability to find new solutions to complex antenna configuration design 
problem which other known conventional antenna design tools cannot provide finite 
solutions to, it comes in as a very important tool especially when proposed design in 
other software’s is expensive or difficult to manufacture. GA resolves and presents 
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the optimal parameters for a design based on the specified conventional 
characteristics. Different antenna types can be optimized for specific performance 
desired. The yagi-uda with inherently high-directivity can be optimised for 
maximum gain. This method of optimisation is very useful as it identifies the 
parameters that affect the performance of a design and goes straight to optimise 
those parameters to yield favourable results, this is most helpful since most 
conventional antenna design problems are difficult to handle in terms of 
optimisation. 
 
The traditional methods of antenna solutions are too limited and have not been able 
to cope with the increasing demands. As the number of antenna problems grows 
yearly without good solutions, the GA solution is a perfect basis for a new era of 
optimisation platform more so that it provides increasing avenue for exploring 
previous areas of antenna design which was unsearchable and apply appropriate 
solutions without any form of restriction. 
 
The communication process within the near field also needs to be taken into full 
consideration as this affects the read field strength more so that reader-tag 
communication within this zone is based on inductive coupling [124, 181]. Some 
existing types of antenna with high gain (Spiral and Helical) are examined based on 
their radiation characteristics for adoption and optimisation with GA for use as a 
compact size reader antenna for the tags realised. Some of these antennas are 
described in the next page. 
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6.2 TYPES OF READER ANTENNA 
 
6.2.1 SPIRAL ANTENNA 
 
The spiral antenna as the name implies is geometrically spiral and defines surfaces 
by angles. They function as low gain transceivers over a wide range of frequencies 
and are most often times classified as versatile antennas operating across multiple 
range of frequencies. The spiral antenna operates in circular polarization with usually 
low gain which can be effectively improved with a combination of a stack or an 
array of other spiral elements. In achieving optimal spiral geometry various spiral 
derivatives such as square spiral, Archimedean spiral and star spiral can be selected 
for optimisation [124, 182]. The number of spiral turns can be altered with a view to 
achieving the optimum geometry, and the spacing can also be adjusted to achieve 
better performance. The dielectric thickness and material permittivity could be 
altered to fine tune performance and obtain a light weight outcome. A compromise 
needs to be reached on material availability, cost and acceptable operational 
performance. The success of any spiral antenna design hinges on the geometry 
specifications and the nature of material selected [124, 183]. 
 
The three approaches to spiral antennas are: rapid wave, roving wave and leaky or 
spongy wave respectively. The wave which builds up on the arms of the spiral is the 
roving wave, the rapid or fast wave is created as a result of mutual coupling along 
the arms, and the leaky wave is created by the power leaks that occur along the arms 
during propagation The region where the spiral antenna emits most radiation is 
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referred to as the active region and is usually a part of the circumference of the spiral 
structure [124]. 
 
6.2.2 HELICAL ANTENNA 
 
This type of antenna is made up of a conducting wire which has been woven in a 
helical shape and built on a specific ground plane which carries the power source 
usually situated in the middle. To modes of operation are employed in the Helix 
antenna, these are: the broadside helix or the axial style (end-fire helix) [124]. The 
broadside mode is characterised by significantly smaller structural parameters in 
comparison to the wavelength of operation. Signal radiation in the helical antenna is 
likened to the monopole or short dipole with an omnidirectional radiation pattern 
with higher radiation intensity at right angle to the helix axis. A linear polarised 
radiation pattern parallel to the helix axis is usually formed [124, 183].In the axial 
technique the helix dimensions are similar and corresponds to the wavelength. The 
end-fire helix antenna type radiates in a directional pattern along the axis of the helix 
emitting beam in a circular polarised nature. This type of antenna is therefore best 
suited for use as an RFID reader. The next chapter gives a detailed account of the 
proposed reader antenna design using GA. 
 
6.3 DESIGN AND COMPUTATIONAL ANALYSIS OF A LINEARLY-
SHIFTED QUADRIFILAR HELICAL ANTENNA USING GA  
 
GA is deployed as an effective computational and design analyser for several 
antenna types. Antenna parameters are specified for a certain frequency of operation 
and the codes within the GA randomizes these size specification to fit a specific set 
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of radiation characteristics; several iterations are performed with the electromagnetic 
solver within the GA until an optimum solution is realised [184]. GA application in 
combination with the electromagnetic simulator has been adopted to generate new 
evolution of antennas [185-186]. GA has also gained increasing popularity and has 
been deployed for micro strip antenna solutions for fast, efficient, reliable and 
accurate computations for the generation of optimum sized antennas with highly 
efficient performance [187-190].  
 
In this design realisation, the GA with FORTRAN code in combination with NEC 2 
FORTRAN source code has been used to design and optimise the LSQHA. A series 
of randomly selected antenna structures was evaluated and analysed to yield an 
optimum design selected for the RFID reader antenna. The basic parameters 
considered for improvement in the optimisation are the axial ratio and the VSWR. 
The GA procedure applied firstly adopts the initial specified population randomly 
and computes the structure specifications to a format readable in the NEC 2 software 
platform. This NEC 2 software runs the computation and feeds this back into the GA 
to obtain an optimum solution.  
 
The overall results presented during the course of this chapter generally shows 
excellent performance in terms of size reduction of the LSQHA where the axial 
length has been reduced by about 30%. The spiral surface area is also tremendously 
improved without affecting the major radiation characteristics of gain and directivity.  
Antennas constitute a very important part of Radio Frequency Identification (RFID) 
systems. Coming in various forms and types, they are designed with specifications to 
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ensure maximum effective and efficient communication links between tags or 
transponders and their associated readers or interrogators.  
 
One of the primary challenges in the design and development of antennas in RFID 
applications as it is in other wireless applications is having an antenna with 
optimised parametric features that are desirable and in consonance with laid down 
specifications and functional requirements [191-192].  These parametric features 
include but are not limited to: profile, gain, directivity, bandwidth and polarisation.  
 
 
Radio Frequency Identification (RFID) systems which represents the physical 
interaction between a tag and a reader for automatic identification operate within the 
global bandwidth of (860 – 960) MHz [193]. The orientation of the tags and 
associated readers must be fully established through the polarisation characteristics 
of their corresponding antennas in order to ensure optimum performance by avoiding 
polarisation mismatch. 
 
The Quadrifilar Helical Antenna (QHA) has been identified by previous works as a 
suitable antenna for omnidirectional tag reading in RFID and other wireless 
applications, due to its circular polarisation radiation over a wide angular area [194-
195]. Another excellent property of QHAs in terms of the symmetry of their 
geometry is their cardioid-shaped radiation pattern irrespective of the diameter and 
the axial length [196]. It has also been established that the inherent cardioid-shaped 
radiation patterns of QHAs can be made conical by extending the resonant fractional 
turns of the QHA to an integral number for improved characteristics [197].  
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The QHA (Figure 6.1a) is capable of providing an excellent beam width pattern with 
desirable circular polarisation, making it a good choice in RFID applications [198]. 
However, optimum caution is advised in the synthesis of QHAs in a bid to achieve 
the specified front to back power ratio as well as the axial ratio. A major notable 
pitfall in the design and development of QHAs is the overall axial length of antenna, 
which is often too bulky for many practical installations and applications.  
To address this problem, a global optimisation technique was adopted to constrain 
the geometrical parameters of the conventional QHA. The selected global 
optimisation technique, genetic algorithm (GA) has been exemplified as a reliable 
tool for electromagnetic computation solutions. Broadly defined to be robust and 
offering better solutions, GA has been used in previous works to achieve low profile, 
compact designs for QHAs in other wireless communications applications. Figure 
6.1 shows the geometry of the proposed antenna. 
 
                    
Figure 6.1: GA generated antenna configurations: (a) Basic geometry of the QHA; 
(b) Geometry of the LSQHA 
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A novel compact QHA has been generated to operate in the RFID global specified 
bandwidth (800-900 MHz). A novel QHA antenna is named Linearly-Shifted 
Quadrifilar Helical Antenna (LSQHA) because its elements are linearly-shifted and 
made compact as revealed in Figure 6.1b. With reference to its helical elements and 
as can be observed, the proposed LSQHA design does not take the form of the 
conventional QHA. Specifying a finite ground and feeding of the LSQHA via an 
integrated feed network is proposed, to avoid the intricacy and losses associated with 
multiple feed points of a centre feed. At the risk of repetition, the novel antenna 
structure is achieved by linearly-shifting the helical elements of the conventional 
QHA by 90° using a defined phase quadrature distance. The new structure generated 
is targeted at tremendously reducing the axial dimensions and overall volumetric 
equivalent of the LSQHA, while retaining good axial ratio, high power gain and 
wide beam width coverage.  
 
6.4 RFID READER ANTENNA (LSQHA) DESIGN AND OPTIMISATION 
USING GA 
 
The LSQHA design and optimisation using GA in combination with the Numerical 
Electromagnetic Code (NEC-2) is presented and adopted as an RFID reader antenna 
for use in combination with the rectangular tag discussed earlier as a complete RFID 
liquid level sensing system. This technique of combining the GA driver and 
electromagnetic Compiler has been previously applied in the optimisation of a series 
of antenna structures. The optimisation technique employed, GA which is based on 
the principles of genetics and natural selection provides optimum solutions for so 
many different antenna geometry.  
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The GA program is initialised by a set of initial solutions or parameters defined for 
the proposed LSQHA. Parametric iterations are then executed in GA in combination 
with NEC-2 program. In the work presented here, the source codes for the GA driver 
runs simultaneously with the NEC-2 codes written in FORTRAN. The codes were 
intuitively modified to randomly generate and evaluate antenna samples. 
To achieve optimum results, the initial geometrical and parametric solution of the 
proposed LSQHA was defined for optimisation with GA based on established 
findings. Real-valued GA chromosomes were defined in this process.  
 
Antenna parameters like the VSWR, axial ratio (AR) and total forward gain (GT) 
were optimised at an operating frequency of 900MHz in consonance with the EPC 
Global RFID Tag/Reader specifications [195-197]. Individual antenna samples were 
generated using the industry-standard NEC-2 source code and corresponding results 
were juxtaposed with the desired fitness using the cost function ‘F’ stated as follows:  
 
  15.14/15.01 21 






T
GARWVSWRWF                     (6.1)              
Where: 5.01 W       
              75.02 W  
                                                  11VSWR                                 (6.2) 
 
                                             5050  inin ZZ                                     (6.3) 
 
‘VSWR’ represents the Voltage Standing Wave Ratio, ‘AR’ defines the Axial Ratio, 
‘Zin’ is the impedance of the input, ‘Γ’ stands for the reflection coefficient, GT 
140 
 
connotes the total gain usually denoted in dB, the weighing coefficients are denoted 
by ‘W1’ and ‘W2’ respectively. The goal of the optimisation process was to 
maximise ‘F’ by using the threshold values of ‘AR’ and ‘GT’. To achieve this, GA 
driver is initialised by the random selection of a population or antenna configuration. 
Each and every structure specification of the antenna is converted into a series of 
codes stores in a file accessible to the NEC-2 software. Running concurrently, the 
NEC-2 program feeds its results to the GA driver for evaluation. This process is 
repeated by several computational iterations till a fully optimised solution is realised 
by the GA.  
 
The LSQHA was designed to provide a very high forward gain and circular 
polarisation operating within (860 - 960) MHz. The structure of the LSQHA and its 
volumetric equivalent were ensured to conform to a very low profile. As evident, the 
proposed design differs from the conventional QHA in Figure 6.1a in that its helical 
elements were configured to be linearly-shifted at 90° from each other using a 
defined phase quadrature distance. This was deemed necessary in an effort to 
achieve a very compact design and lower the overall profile of the proposed antenna. 
In the study undertaken, the LSQHA offered a better performance with its helical 
elements shifted. 
 
The aim in the design of a Linearly-Shifted Quadrifilar Helical Antenna (LSQHA) 
was to realise a very compact geometry and low-profile alongside the good radiation 
characteristics of the generic QHA. The simulation logic and GA optimisation model 
were structured in such a way that an optimum linear distance between the four 
helical elements of the LSQHA was sought while shifting them by 90° in phase-
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quadrature. The performance of LSQHA has been analysed and verified using 
freeware antenna modeller and simulation software [198-200]. Figure 6.2 depicts the 
simulation logic and design architecture with the GA driver and the NEC-2 program. 
 
 
Figure 6.2: Simulation Logic and Design Architecture of the GA. 
 
 
A table of the optimised parameter specification for the proposed antenna based on 
figures obtained from the GA solver for the LSQHA is as presented in Table 6.1 
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Table 6.1: Optimized GA design parameters LSQHA. 
 
 
  
GA specified Parameters LSQHA optimised parameters (m) 
 
Initialisation 
inputs 
 
Lower 
threshold 
 
Upper 
threshold 
 
Best fit 
 
Sample size 15 Distance of pitch 0.00033 0.00721 0.00558 
Parent count 5 Axial dimension 0.0045 0.010 0.00885 
Probability 
of mutation 
0.02 Helix radius (Top) 0.001 0.0035 0.0035 
Maximum 
species 
250 
Helix radius 
(underside) 
0.001 0.0035 0.00342 
 Probability 
of crossover 
0.48 
Linear separation 
between elements 
0.0035 0.007 0.00501 
Creep 
probability 
0.004 Wire radius 0.0048 0.0048 0.0048 
Number of 
occurrences 
32768 
Distance above 
ground 
0.001 0.001 0.001 
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6.5 LSQHA SIMULATION RESULTS AND DISCUSSION 
 
Evidently, the overall profile of the optimal design of LSQHA shows the 
effectiveness of the compactness achieved by employing the logic and architecture 
illustrated in Figure 6.2. In contrast to the conventional QHA design (See Figure 
6.1a); the LSQHA was configured to have its helical elements more closely fitted 
together in volume and space. The LSQHA offers a robust solution particularly in 
the dimensions of its surface area, while retaining optimal axial ratio and beam 
width. Critical analysis of the performance of the optimal LSQHA was conducted to 
cross analyse the bandwidth, axial ratio coverage and gain performances of the 
realised design. From results obtained, LSQHA is found to have an optimum axial 
length of 8.85cm. The VSWR of the LSQHA at the input port was computed using 
an electromagnetic modelling software package [174] and evaluated to be 1.39 at the 
EPC Global RFID Tag/Reader frequency of 900 MHz. Other associated outcomes 
are given in Figure 6.3a. As observed, the optimised design clearly exhibits proper 
matching of impedances covering a considerable range of frequencies. A slight shift 
in the resonant frequency from 900 MHz to 890 MHz was observed as evident in the 
return loss characterisation detailed in Figure 6.3b. The nature of the ground plane 
adopted in this study is suggested to be largely responsible for this trait.  
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(a) 
 
(b)                             
Figure 6.3: (a) Computed VSWR for the proposed LSQHA; (b) Computed Return 
Loss for the proposed LSQHA 
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(a) 
 
 
                                                                    (b) 
Figure 6.4: LSQHA Radiation Patterns from two perspectives 
(a) Ф=0° and (b) Ф=90 
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As depicted in Figure 6.3b, the return loss performance at the deployed frequency of 
application is less than -20 dB which is acceptable for the intended application.  
Figure 6.4a and Figure 6.4b depict the measured power gain radiation characteristics 
of LSQHA at an operating frequency of 900 MHz. The results clearly show an 
elevation angle range of approximately ± 45° with an axial ratio of less than 3dB. 
 Also, the proposed LQHSA revealed a total forward isotropic gain of 13.1 dBi. 
Figure 6.5 depicts the circular radiation pattern obtained from simulation results of 
the LSQHA which perfectly meets the requirements for its use as an RFID reader 
antenna. 
 
 
Figure 6.5: Computed circular polarisation patterns (left hand and right hand) for the 
proposed antenna 
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6.6 CONCLUSION 
 
A comprehensive analysis and studies of previous approaches to RFID readers and 
various antenna designs using genetic algorithm was explored and presented earlier 
in the literature. The work presented here focuses on the optimum size, quality, 
polarisation of reader and various other types of antenna realisation and the 
effectiveness of GA at optimizing and selection of best geometry for each of the 
proposed designs. The GA tool was also explored as the one of the best tools for 
optimisation of antenna geometry for any range of intended frequency of application, 
as shown from the various extensive studies presented. The GA converges faster 
compared to the time other simulation platforms take to obtain results. The results of 
optimisation of parameters in GA give rise to more compact geometries which form 
an important basis for the miniaturisation of previous antenna solutions. The impact 
GA brings to the RF and electromagnetic antenna solutions cannot be over 
emphasised as this tool has been employed by leading manufacturers in the industry 
for more efficient and cost effective mass production of realised antenna designs. 
The working principles of the spiral and helical antenna were presented and a 
justification was given on their suitability for adoption for reader antenna design 
based on their radiation characteristic, design simplicity and cost effectiveness. 
 
A novel circularly polarized LSQHA with a high forward isotropic gain and VSWR 
specifications desirable in RFID applications has been proposed and presented. The 
proposed antenna is intended for deployment in RFID systems, as the reader or 
interrogator antenna, where the orientation and polarisation of the associated tag 
antennas cannot be precisely predicted. The novel antenna has been named the 
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‘Linearly-Shifted Quadrifilar Helical Antenna’ (LSQHA). The antenna realisation 
presented was achieved using Genetic Algorithm method which has been well 
appreciated and showcased, the specified objective being deployment for liquid level 
sensing applications within the RFID global bandwidth of (860 - 960) MHz. The 
radiation characteristic of the optimal structure obtained was cross analysed using 
4NEC-2. The results confirm the proposed antenna has a 3 dB beam width of 90° 
with a resonant frequency at about 890 MHz and an acceptable gain of 13.1dBi at 
900 MHz. The optimal design reached was found to be compact and of an excellent 
profile. These results show that the proposed antenna can easily be configured to 
sample commercial RFID readers or interrogators. On the whole, Genetic Algorithm 
global optimisation method has also proved its strength and ingenuity in fast and 
optimal solutions to electromagnetic design problems. 
 
The practical implementation of the design is recommended for future work and 
improvement in terms of developing it into a dual band antenna with terrestrial and 
satellite communication capabilities for global tracking of tagged objects.  
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CHAPTER 7 
CONCLUSION AND FUTURE WORK 
 
7.1 CONCLUSION 
 
This research main focus is hinged on the design, modelling, analysis and 
characterisation of passive UHF RFID tags deployed for liquid level sensing 
applications. The liquid level measurement challenge and previous technologies 
deployed in an attempt to resolve these challenges has been identified and discussed.   
This forms a basis for the presentation of a novel RFID based sensing technique for 
various liquid level sensing applications. RFID system achitecture, history and tag 
types are discussed and presented. A justification for the selection of passive tags 
considered for this research work is also presented. 
 
 Four passive tag geometries are realised, with a comprehensive parametric analysis 
of the rectangular tag presented; the basic geometry attributes influencing the general 
performance of the tag was identifed and explored for optimum parameter setting in 
a view to obtaining an optimized design. Particular emphasis is laid on the 
improvement of the basic radiation characteristics of both reader and tag antennas 
taking the impacts of environmental factors into consideration. The realised tags 
geometries were explored to see what effects different types of surfaces had on their 
radiation characteristic when mounted. Metallic ground and non metalic mounting 
were adopted for tag practical realisation and characterisation.  
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The prototype print out of the tags were tested in laboratory with the network 
analyser to obtain details for comparison of theoretical results. The tags were 
mounted with the Alien chip and physical detection range measurements were made. 
The RFID tag and reader antennas have been designed to operate in circular 
polarization. They have also been deployed for energy efficient gully pot monitoring, 
and automatic liquid level detection applications. The Alien RFID system set up was 
used to observe the results of the liquid sensing for which the designed antennas 
were deployed. 
 
The entire system set up was successfully modeled in HFSS and the signal coupling 
between the sensor tags and reader was observed. The results show a satisfactory 
reflection coefficient that will guarantee a successful operation when deployed as 
liquid level sensors. The observed reflection coefficient for all the tag realisation was 
less than -20dB in the UHF band (800 - 900) MHz. 
 
Different types of subtrates was analysed to see the effects the would have on the 
optimum tag radiation characteristics. Epoxy (fr4) based substrate was used all 
through all the  design process, it was found that subtrate materials with a higher 
relative permitivity had significant effects on the gain of the tag. 
 
A dual-band folded planar loop antenna for a partiall-underground utility sensing 
application has been presented and examined theoretically and experimentally. The 
results show that the antenna prototype exhibits sufficient impedance bandwidth, 
suitable radiation characteristics, and adequate gains for the required underground 
wireless sensor applications. 
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The reader counterpart has been obtained using GA in combination with the NEC-2 
software with FORTAN compiler. The physical measurements were compared to 
match the theoretical simulation results. The design and optimisation of a LSQHA 
reader’s antenna using GA has also been presented. A detailed account of previous 
works on GA and new ground breaking areas of applicability was also discussed. 
This research work has opened wider perspectives to help understand and appreciate 
the full design elements and considerations for RFID systems particularly when 
deployed for liquid level sensing applications. The work presented here has clearly 
demonstrated that liquid level information can be effectively and reliably 
communicated in a cost effective and energy efficient way using RFID technology. 
 
 7.2  RECOMMENDATION FOR FUTURE WORK 
 
RFID systems have found increasing popularity across a lot of applications. Great 
potentials lay ahead for RFID focused research applications, particularly in the areas 
of remote automation and control. A lot of applications are increasingly deploying 
RFID technology because of its flexibility of deployment as a part of an existing 
network. Future research studies will therefore be geared towards the deployment of 
RFID technology to IT infrastructure for automated control and monitoring purpose. 
 
The research work presented, has been able to identify the signal attenuation issues 
which impair the performance of RFID tags as they are deployed for liquid level 
sensing applications. In a view to build upon the findings of the current work, the 
future work recommendations are as enumerated below: 
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 Further simulation can consider the modeling of tags and reader antenna with 
the aim of achieving improved radiation characteristics. 
 Tags with better memory chip capacity can be deployed to analyze their 
energy saving capabilities in comparison to chipless tags. 
 Design and modeling of reader antenna with improved directivity for better 
(1 meter and above) read distance. 
  The effect of different substrate types on the performance of the tags can be 
critically analysed with the aim of developing hybrid substrate for improved 
tag performance over a wider range of frequencies. 
 Parametric studies on the survivability of tags in different changing 
environmental conditions can be studied and fully analysed as a basis for a 
novel quality test technique for Passive RFID tags. 
 The design optimisation results can be compared and subjected to a 
performance analysis studies with results of other optimisation algorithms to 
see the rate of convergence and establish which of the combination of the 
software platform produces the best design optimisation. 
  Building a prototype for oil pipeline monitoring system with the integration 
of a solar powered RFID reader with hybrid networking (Satellite-4GLTE-
WiMax-WiFi) capabilities. 
 Novel tag deployment for patient mobility monitoring, indoor localization 
and intelligent transportation applications. 
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